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Abstract 
The study of trialkoxysilanes for inhibition of corrosion is a growing field due to 
the push for environmentally friendly alternatives to the chromium(VI) conversion coating. 
To use these molecules effectivly they require activation. Activation of these molecules 
occurs on contact with water via hydrolysis of alkoxy bonds to form hydroxyl bonds by a 
reaction with water. Unfortunately, the activated molecules are prone to self condensation, 
leading to loss of activity, especially in high concentrations of water.One possible option is 
the use of surfactants, which were expected to increase the aqueous stability of 
alkoxysilanes. 
  
This study examines the possibility of using surfactants to stabilise trialkoxysilanes 
in water was tested. A preliminary set of experiments assessed basic stability of several 
trialkoxysilane emulsions (18 surfactant and 5 trialkoxysilanes) and measured the film 
resistances on zinc. The emulsion characteristics were evaluated by dynamic light 
scattering (DLS). The films were evaluated by scanning electron microscopy (SEM), 
atomic force microscopy (AFM) and electrochemical impedance spectroscopy (EIS). The 
pilot study informed the methods for the more comprehensive study.  
 
A comprehensive study comparing the effects of system ageing on the films 
produced from by 16 different trialkoxysilane emulsions/mixtures and the respective films 
were evaluated by SEM and EIS. Films were produced from emulsions of different ageing 
times (1 day, 7 days and 21 days) to see how the addition of surfactants changed the film 
characteristics. The emulsions were made from one surfactant and one silane. The silanes 
used were GPS, VTES, and MPTMS. The surfactants used were Pluronic F108, Pluronic 
L35 and SDS. The performance of these films were compared to those from just 
trialkoxysilane and water. Visual changes in the emulsions were compared to the film 
characteristics.  
 
The reactions occurring in the emulsions were examined by following hydrolysis 
and condensation of silanes in water. Hydrolysis rate constants of 23 trialkoxysilane 
mixtures were determined by with Gas Chromatography Mass Spectroscopy (GC-MS) and 
the condensation of 3-Glycidoxypropyltrimethoxysilane (GPS) in 7 different surfactant 
mixtures was determined by silicon nuclear magnetic resonance (NMR) spectroscopy. 
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Emulsion observations showed any increase in trialkoxysilane emulsion stability 
was dependent on both the individual surfactant and the concentration of the surfactant. 
Dynamic light scattering results showed that the trialkoxysilane emulsions were very 
complex and that monomodal systems were generally more stable. In addition, the 
measurement of the film resistances showed that over extended periods some 
trialkoxysilane systems produced better films without the incorporation of surfactants. The 
films made from 3-mercaptopropyltrimethoxysilane (MPTMS) and vinyltriethoxysilane 
(VTES)without surfactant gave better corrosion resistance than the films made from these 
silanes with surfactant incorporation.  
 
The corrosion resistance of the films decreased as the emulsions aged for the 
trialkoxysilane and water emulsions. The introduction of surfactants increased the usable 
period of the some trialkoxysilane emulsions to over three weeks. The emulsion consisting 
of 3-mercaptopropyltrimethoxysilane (MPTMS) and sodium dodecyl sulphate (SDS) 
produced a film at 7 days of emulsion aging ageing had a resistance over 200 times the 
resistance of the uncoated zinc substrate. This combination of trialkoxysilane and 
surfactant also produced the film with the highest resistance at 21 days. This indicates that 
the emulsion MPTMS in water with 2% SDS shows promise as a protective coating. 
 
The kinetics data showed that the rates of hydrolysis were greatly affected by the 
addition of surfactants. The addition of SDS increased the hydrolysis rate of VTES by as 
much as 500 times of the rate without the surfactant, whilst the addition of Pluronic F108 
decreased the rate by 70%. The condensation results showed subtle differences between 
the condensation of GPS in water and when a surfactant was present. These differences 
showed that the surfactants were changing the condensation mechanistic pathway towards 
a condensed siloxane network. The concentration of uncondensed species 24 hours after 
the reaction started was higher in the emulsion containing the Pluronic F108 (90%) than 
the concentration (77%) in the emulsion GPS in water, however this higher concentration 
did not lead to a more corrosion resistive film. 
 
This study showed that surfactants can stabilise aqueous trialkoxysilane systems and 
that aqueous trialkoxysilane emulsions can produce corrosion resistive films. However,the 
stable emulsions did not produce corrosion resistive films. The emulsion MPTMS in water 
with 2% SDS has stability issues that would need to be addressed if the emulsion was to be 
used commercially.  
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1.1 Introduction 
 
Trialkoxysilanes are becoming much more predominant in many research 
fields. The hybrid nature (inorganic/organic) of this class of molecule allows 
different interactions on either end of the molecule. For instance, silane-coupling 
agents (discovered in the 1940’s) allow paint to stick to glass because the organic 
half interacts with the paint and the inorganic half interacts with the glass forming 
bonds which increases adhesion [1]. The molecular properties of trialkoxysilanes can 
be tailored to suit a function by changing either the alkoxy groups or the 
functional/organic group. Hence, these hybrid molecules attain special interest from 
the research community. Trialkoxysilanes uses include: corrosion protection [2-18], 
adhesion promotion [19-22], bioactivation of metal implants [23], modification of 
cellulose fibres [24, 25], surface modification of silica particles [26, 27], synthesis of 
functionalised particles [28-33], lithography [34], candle making [35], aerogels [36, 
37], catalysts [38], fire retardants [39], solar cells [40], hydrophobic fabric [30, 41] 
and printed circuits [42]. Therefore, the trialkoxysilane class of molecule are of great 
interest, due to their large range of uses. 
 
  
Figure 1: A) The structure of an trialkoxysilane, B) the structure of a fully hydrolysed 
trialkoxysilane (also known as a silane-tri-ol or silanol)   
 
A typical silane is shown in Figure 1A, the alkoxy groups may be hydrolysed 
to form silanols (Figure 1B) and the functional group R’, can be a variety of 
functional groups, such as vinyl, phenol, amine, mercapto, or more complex 
configurations. The three hydroxyl groups (OH) attached to the silicon atom, can 
form covalent bonds to surfaces which contain hydroxyl groups [10, 43-47]. One of 
A B 
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the reaction pathways for silanols to react with surfaces is shown in Figure 2, which 
is the functionalisation of a suitable substrate.  
 
 
Figure 2: The condensation reaction occurring to form the bond between the silicon atom 
and a surface. The hydroxyl group on the substrate surface and the hydroxyl group on the 
silanol react by first forming hydrogen bonds. Rearrangement of the electrons in these bonds 
allows a covalent bond to form between the substrate and the silanol molecule. Water is 
released as a product in this reaction. 
 
 
Silanols that have formed in solution can self condense, as shown in Figure 3. 
The silanols react and form oligomers, reducing the number of silanol bonds 
available to bond with surfaces. Since each alkoxy group on the trialkoxysilane 
molecule can hydrolyse separately, condensation often occurs before hydrolysis of 
all three alkoxy groups[48]. Thus, understanding the kinetics of hydrolysis and 
condensation of trialkoxysilanes is integral to their use [49]. 
 
 
Figure 3: Simplified reaction scheme illustrating the progression from the trialkoxysilane 
starting material via hydrolysis to a silane-tri-ol, where the trialkoxysilane reacts with water 
to form an intermediate silanol with the loss of water. The resultant silanols then react with 
other silanols with the loss of water to form siloxane oligomers. Full hydrolysis need not 
occur for condensation to occur and often oligomers form networks without full 
condensation of the trialkoxysilane molecule. 
Reactant-silane Intermediate-silanol Product-siloxane 3ROH 3 
3 
3 
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There are many studies that analyse the rate of hydrolysis and condensation of 
trialkoxysilanes in both aqueous [49-52] and non-aqueous emulsions, such as ethanol 
[51, 53], methanol [21] and acetonitrile [54] emulsions, all requiring at least a small 
amount of water for hydrolysis. Widely known variables that affect the rate of 
hydrolysis and condensation for both aqueous and non-aqueous emulsions are: the 
solution pH [55-57], solution temperature [49], type of solvent [21] as well as the 
type and concentration of trialkoxysilane [21]. Since, many variables affect the rates 
of hydrolysis and condensation of trialkoxysilanes; these variables can be used to 
control hydrolysis and condensation. 
 
The pH of a silane emulsion causes different reactions to dominate. Hydrolysis 
dominates in acidic condition and condensation dominates under basic conditions 
[56], but in both cases the trialkoxysilanes react quickly. A vast array of literature 
has been published on trialkoxysilane reactions[24, 55, 57-60]. Sol-gel syntheses are 
an example where controlling hydrolysis and condensation of silanes is used in the 
preparation of silicon-based particles, often with the use of surfactants, in these cases 
the condensation reaction is constrained to occur within the emulsion droplet, which 
leads to particles of uniform dimensions [61-63].  
 
The effect of surfactants on reactions of trialkoxysilanes at moderate pH in 
aqueous emulsions has not been extensively studied. Almanza -Workman and 
colleagues [64-66] showed that surfactants may have a stabilising effect on 
trialkoxysilanes in aqueous acidic conditions. Surfactants are widely used in 
industrial formulations [67-74], but are less commonly used with trialkoxysilanes 
(the search term “surfactant” returned over 190 000 patent results on Scifinder, but 
less than 700 containing the concept alkoxysilanes (or organosilane) and surfactants, 
17/03/2015 ). Further understanding the kinetics of how surfactants affect hydrolysis 
and condensation reactions of trialkoxysilanes will allow for the development of 
better formulations for applications such as corrosion protection. Thus, it is important 
to study the influence that surfactants have on the kinetics of trialkoxysilane 
reactions in water to determine how they influence the hydrolysis and condensation 
mechanisms.  
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There are a variety of silanols that can form from hydrolysis of trialkoxysilane 
molecules and condensation reactions causes more complicated silanols to form. 
These silanols may act as surfactants and therefore may complicate surface reactions. 
The addition of commercial surfactants is also likely to change the interactions the 
silanols have with surfaces. Hence, it is important to test the changes to the 
properties of deposited films prepared from emulsions containing commercial 
surfactants into the emulsion, such as measurement of corrosion protection.  
 
The corrosion protection of zinc using a silane emulsion has been studied as a 
potential replacement of chromate passivation [60, 75]. Currently chromates are used 
extensively to protect galvanised steel from corrosion in the initial days after 
galvanising. The chromate passivation technique uses chromium (VI) salts, which 
have health and environmental issues [76]. This has led to restrictions of the use of 
this technique [20, 60, 77-82] and research into finding alternatives. Using zinc as a 
substrate to test the changes caused by the introduction of surfactant to the 
trialkoxysilane emulsions will also enhance research towards development of 
aqueous trialkoxysilane for corrosion protection systems for galvanised steel.  
 
This research aims to investigate the effect surfactants have on the kinetics of 
hydrolysis and condensation of trialkoxysilanes in water, as well as investigate how 
surfactants affect emulsion ageing, film morphology and electrochemical properties 
of the deposited films on zinc surfaces. 
 
 
1.2 Trialkoxysilane Emulsions 
There are vast numbers of different trialkoxysilanes (called silanes from now 
on for simplicity). In this section, silanes will be described, followed by their 
common reactions. The factors that affect reaction rates are discussed followed by 
the known effects surfactants have on silanes in aqueous media. 
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1.2.1 Silanes 
There are four simple generic structures of silanes, which are shown in Figure 
4. The types are mono-silane: non-functional (A) and functional (C), and the bis-
silane: non-functional (B) and functional (D). The silanes in this study were not 
complex, the R’ group only contained a single functional group (vinyl, mercapto, 
amine, glycidoxy, etc). Functional silanes have additional reaction possibilities 
dependant on their functional group. For instance amine functional groups may react 
with carboxylic acid groups to form amides, and an epoxide group can open in 
contact with water [83, 84]. A vinyl group may undergo radical polymerization or 
react with other functional groups such as a mercapto group [85]. 
 
 
  
  
Figure 4: Generic silane structures  A) Mono-silane non-functional (R
′
Si(OR)3), B) 
Bis-silane non-functional ((RO)3SiR
′
Si(OR)3), C) Mono-silane functional (XR
′
Si(OR)3), and 
D) Bis-silane functional (RO)3SiR
′
XnR
′′
Si(OR)3). X is a functional group [86], the leaving 
group R is an alkyl group or organic functional group such as alkoxy or acetoxy and R
′
 and 
R
′′
 are alkyl groups which are usually the same on the bis-silanes. 
 
The length and type of the alkyl group and type of functional group also 
affects the aqueous solubility of the silanes. Longer alkyl groups and hydrophobic 
functional groups will decrease the aqueous solubility. For instance, a vinyl-silane 
with an ethoxy leaving group has a lower solubility than a vinyl-silane with an 
acetoxy leaving group, as the acidic acetoxy leaving group aids in the solvation 
process. 
 
 
  
 
C 
A B 
D 
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1.2.2 Silane Kinetics 
The kinetics of hydrolysis and condensation of aqueous silane emulsions are 
important for applications where the silanol intermediate species are generated. This 
is because hydrolysis must occur for silanes to be effective at bonding with hydroxyl 
groups on surfaces. The inevitable condensation reaction in the emulsion or emulsion 
reduces the concentration of the intermediate silanols, which reduces the number of 
bonds that are able to form with surfaces. Therefore a high intermediate silanol 
concentration is important in formation of effective protective films [60] or activated 
silica particles [55]. 
 
In trialkoxysilane emulsions, there are many pathways from silane to siloxane 
and many potential products during the reaction as shown in Figure 5. The schematic 
illustrates that the mechanistic pathways from silane to siloxane network are complex 
due to the various reactions that can take place at any one time. In some cases, 
condensation can occur as soon as the silanol group has formed, which is usually in 
basic solution environments [57]. The control of hydrolysis and condensation is vital 
for achieving a functionally stable silanol emulsion.  
 
A higher silanol concentration could lead to more effective film formation by 
increasing the density of siloxane analogues bound to the substrate surface and 
cross-linked within siloxane film. Since silanols are an intermediate molecule formed 
by hydrolysis of silanes and consumed by condensation reactions, high silanol 
concentration is obtained by a fast hydrolysis rate and a slow condensation rate [56].  
 
The concentration of total hydroxyl groups in the silane emulsion at any 
given time is active silanol content,               , which is given by [45, 87]: 
 
               
                                            
 
,      Equation 1 
 
where the active silanol content is equal to the number of silanol bonds in the 
emulsion.  
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Figure 5: Possible hydrolysis and condensation mechanism of an silane [56]. A) Fully 
hydrolysed molecule- silanol and B) a fully condensed initial silane, where no more 
reactions can occur with the central silicon atom-siloxane oligomer. The condensed silanols 
are shown to be only partially hydrolysed  –SiR’(OR)2  they could also be –SiR’(OH)2  or 
more condensed forms.   
 
The concentrations of active silanols are usually found by silicon nuclear 
magnetic resonance (NMR) or Fourier transform infrared spectroscopy (FTIR) [45, 
53, 54]. The active silanol content gives a theoretical estimate of the activity of the 
emulsion by giving information on how many bonds between the silanols and surface 
can form as well as silanol-silanol cross-linking within the film during curing. 
Plotting the active silanol content over time allows determination of the lifetime of 
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an emulsion especially the optimum time period that the emulsion may be used to 
give optimum performance in formation of protective coatings [50]. 
 
High condensation rates lead to faster growth of oligomers and a faster 
reduction in active silanol content. Oligomers are not desired in applications where 
coating uniformity is important, as oligomers reduce packing density and bond 
uniformly across surfaces [51]. A high degree of condensation will produce larger 
polymers, which precipitate, thereby reducing the stability of the emulsion [56].  
 
Where particles are synthesised from silanes, fast hydrolysis and 
condensation rates are desired and this is achieved by acid or base catalysis. 
However, this study focussed on the preservation of silanols in aqueous media, 
therefore fast condensation was not desired. 
 
1.2.2.1 Kinetic Variables  
One good review paper on the variables of hydrolysis and condensation of 
silanes is by Osterholtz and Pohl [57]. Although published in 1992, it explains the 
effects of various factors on reaction rate in detail, such as the nature of the reaction 
media (pH, aqueous, organic), the structure of the silane, and the mechanisms of 
hydrolysis and condensation.  
 
 
Figure 6: An indication of the pH dependence of the rates of hydrolysis (– black line, 
minimum at pH 7) and condensation (- - blue line, minimum at pH 4) of silane molecules. 
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The pH is a major variable in changing the rate constants, as shown by Figure 
6. Hydrolysis is usually at a minimum at pH 7 and condensation is usually at a 
minimum at pH 4 [10, 48]. These minimums, however, shift depending on other 
variables such as the concentration of the silane [88]. A small change in pH can have 
a major affect on the hydrolysis rate constant.  
 
The work of H. Jiang and colleagues [89] showed that when the pH was 
changed from pH 11.13 to pH 12.10 in an emulsion of dimethyldimethoxysilane: 
water:acetone-d6 at a ratio of 1:1:5 by volume, the rate changed from 1.923 × 10
-4
 s
-1
 
to 9.342 × 10
-4
 s
-1
. This change in magnitude was also shown by S. Savard and 
colleagues [55], whom showed that when the pH was changed from pH 7 to pH 5.5 
in an emulsion of 0.084 M γ-methacryloxypropyltrimethoxysilane in D2O, the rate 
changed from 1.5× 10
-5
 s
-1
 to 18.0 × 10
-5
 s
-1
. The pH also affects the mechanism in 
which the silane molecules react to form hydrolysis products [57]. Figure 7 shows an 
acid catalysed hydrolysis reaction occurring through an SN2 reaction and Figure 8 
shows a base catalysed hydrolysis occurring through a pentacoordinate intermediate.  
 
 
Figure 7: Acid catalysed hydrolysis  
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Figure 8: Base catalysed hydrolysis 
 
The type of alkoxy group is also a contributing factor in the rate of 
hydrolysis. In acidic media the hydrolysis reaction is an SN2 substitution reaction 
(Figure 7) [90, 91] meaning the alkoxy group’s pKa (acid dissociation constant) 
changes the rate of hydrolysis. In basic media the intermediate is a pentacoordinate 
species (see Figure 8) [57]therefore the size of the leaving group has a influence on 
the hydrolysis rate due to steric hindrance and alkoxy group’s pKa influences the 
hydrolysis rate. When the leaving groups are alkoxy groups, the rates change as 
follows: methoxy > ethoxy > propoxy [57]. Dubitsky et al.[54] explains that the 
hydrolysis rate constant of vinyltrimethoxysilane (VTMS) is fifty times faster than 
vinyltriethoxysilane (VTES) in basic conditions due to steric hindrance. Interestingly 
the rate increase in acidic conditions was only 2 times faster [54] because the steric 
hindrance is more affected in the base catalysed emulsion due to the hydrolysis 
mechanism (see Figure 8). The hydrolysis rate constant for 3-
aminopropyltrimethoxysilane (APMS) is approximately twenty-four times faster than 
3-aminopropyltriethoxysilane (APES) in 80:20 ethanol:water [45] (see Table 1).  
 
The leaving group, acetoxy, although larger than ethoxy, has higher 
predominance to leave than ethoxy giving a faster hydrolysis rate constant for 
acetoxy silanes. The acetoxy leaving group also affects the pH of the emulsion. 
Smaller leaving groups in the base catalysed emulsions will lead to faster hydrolysis 
times if the rate determining step in the substitution reaction is in the formation of the 
pentacoordinate intermediate (see Figure 8). A leaving group with a higher tendency 
to leave will lead to faster hydrolysis times if the rate-determining step in the 
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substitution reaction is the breakdown of the pentacoordinate intermediate [57]. 
Therefore, small leaving groups that have a higher tendency to leave will lead to 
faster hydrolysis times. 
 
 
Table 1: 100% hydrolysis time of starting material due to hydrolysis of alkyl trialkoxysilanes 
in ethanol-D6 :D2O (80:20 w/w), dependant on functional group [45]. 
Leaving group Functional group Disappearance time (hr) 
Methoxy 
3-aminopropyl 0.167 
3-(2-aminoethylamino)propyl 0.333 
3-[2-(2-aminoethylamino)ethylamino]propyl 1 
3-methacryloyloxypropyl 18 
3-mercaptopropyl 1  
2-phenylethyl 5 
Ethoxy 
3-aminopropyl 4 
vinyl 18 
cyanopropyl 18  
octyl >48 
 
 
The type of functional group of the silane has a major effect on the rate of 
hydrolysis and condensation as shown in Tables 1 and 2. This was shown by 
Osterholtz and Pohl [57], finding major differences in rate constant between silanes 
with different functional groups, and the effect was different with acids and bases as 
shown in Table 2. Osterholtz and Pohl [57], also speculated that if the functional 
group becomes more electro-withdrawing, the rate of hydrolysis should become 
faster, because the leaving group should have a higher tendency to leave due to the 
electron configuration on the molecule.  
 
The type of acid is a factor in some emulsions, for example, the hydrolysis  of 
1% γ-glycidoxypropyltrimethoxysilane (GPS) in 95% ethanol and 4% water was 
slow with the addition of glacial acetic acid The addition of either dibutyltin dilaurate 
or dibutyltin diacetate increased the rate significantly [53].  
 
1.2: Trialkoxysilane Emulsions 
 Kristina Eriksson-Scott Page 13 
 
Table 2: Hydrolysis rate constants of alkyl tris-(2-methoxyethoxy) silane in aqueous media, 
dependant on functional group in acid and base [57]. 
pH Functional group Rate of hydrolysis (M
-1 
s
-1
) 
10 
ClCH2 3.2 × 10
4 
CH2=CH 6.5 × 10
2 
CH3 1.7 × 10
2 
CH3CH2 4.6 × 10 
CH3CH2CH2 2.0 × 10 
cyclohexane 3.4 
5 
CH2=CH 8.8 × 10
 
ClCH2 7.8 × 10
 
CH3 3.7 × 10
 
CH3CH2 3.7 × 10 
CH3CH2CH2 2.1 × 10 
cyclohexane 7 
 
 
 In most aqueous emulsions the concentrations of water is high (about 55 M) 
and therefore most hydrolysis reactions involving water are pseudo-first order 
reactions. In non-aqueous emulsions, where the water content may be low, the 
reactions are more likely to be second order reactions [54]. 
 
 
Direct comparisons between aqueous and non-aqueous emulsions are 
difficult, since not all silanes are miscible with water. However, O. Paquet et al. [92] 
compared the hydrolysis of the water miscible silane, 3-(2-amino-ethylamino)propyl-
trimethoxysilane (AEPTTMS), in both aqueous (D2O) and alcoholic aqueous 
emulsions (D2O:ethanol-d6 at a ratio of  20:80  w/w with 10 % silane) at pH 4 and an 
non-buffered emulsion. They found that the active silanol content in the initial period 
(0-8 hr) of the reaction was affected more by the solvent type than the pH, however, 
over a longer time period (48 hr) both the pH and solvent type affect the active 
silanol content. The aqueous emulsions had a higher active silanol content than the 
water/alcohol emulsions. Both the acidified emulsions had higher active silanol 
contents than the similar emulsions without pH modification.   
 
Brochier Salon et al. [93] studied the effect of isotopic substitution on the 
reaction rates by studying the reaction in several emulsions ranging in composition 
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from 100% deuterium oxide to 80:20/ethanol:deuterium oxide with several silanes 
(3-aminopropyltriethoxysilane, 3-aminopropyltrimethoxysilane, 
3-(2-aminoethylamino)propyltrimethoxysilane, 
3-[2-(2-aminoethylamino)ethylamino]propyltrimethoxysilane, 
trimethoxy[3-(phenylamino)propyl]silane , 
triethoxy-3-(2-imidazolin-1-yl)propylsilane, vinyltriethoxysilane, and 
3-methacryloyloxypropyltrimethoxysilane
 
) and found that hydrolysis was increased 
when a higher deuterium oxide content was used. The amino silanes were stable as 
silanols for longer when the reaction media had a higher deuterium content; however, 
greater deuterium content led to faster condensation times for the silanes with 
methacryloyloxy or vinyl functional groups. They found the best (highest silanol 
content for the longest time) ethanol:deuterium emulsion for methacryloyloxy was 
80:20, 60:40 for the vinyl silane and 100% deuterium was the best reaction media for 
the amino functional silanes [93]. The reaction media clearly changes the reactions 
dramatically, the functional group greatly affects the reaction kinetics of hydrolysis 
and condensation and the reaction media must be tested and tailored to suit each 
silane. 
 
The initial concentration of silanes has a small effect on the hydrolysis rate. 
Savard et al. [55] found that changes in initial concentrations of 
γ-methacryloxypropyltrimethoxysilane from 0.042 M, 0.084 M, and 0.126 M in an 
aqueous medium gave rate constants of 0.86 × 10
-5
 s
-1
, 1.5 × 10
-5
 s
-1
, and 2.2 × 10
-5
 s
-
1
 respectively. This increase in rate constant with increasing concentration was also 
found by Abel et al. [88]. Their research found that the measured rate constant for 
hydrolysis of GPS varied with the initial concentration: (A) for a 90:10 ratio of 
methanol:water 1% GPS had a rate constant of 1.1 × 10
-3
 s
-1
 and for 8 % GPS had a 
rate constant of 1.7 × 10
-3
 s
-1
 and (B) when dissolved in water 1% GPS had a rate 
constant of  7.3 × 10
-4
 s
-1
 and 8 % GPS had a rate constant of 1.4 × 10
-3
 s
-1
 (assuming 
the hydrolysis reactions were first order reactions). Another study by M. C. Brochier 
Salon [94] measured the disappearance of 3-mercaptopropyltrimexoxsilane 
(MPTMS) at different concentrations and found that the lower concentration had a 
slower rate constants.  
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The temperature of the reaction influences the reaction rates. As expected, the 
reaction rates increased with an increase in temperature [49]. For particle growth, 
faster rates of hydrolysis and condensation can lead to higher proportions of 
functionalisation as well as larger pore sizes and lattice spacing [95]. The stirring rate 
also has an effect on the hydrolysis rate of some silanes. For example, the hydrolysis 
of MPTMS in water was increased as stirring the rate increased from 115 rpm to 140 
rpm [96].  
 
There are an extraordinary number of variables in which affect the hydrolysis 
and condensation reactions of silanes in aqueous emulsions. The variables that 
contribute the most are: the type of silane, the reaction medium, pH of the medium 
and temperature. Some other factors that affect hydrolysis and condensation rates are 
the type of acid in emulsions of low water content and the initial concentration of 
silane.  
 
1.2.2.2 Emulsions to Increase Active Silanol Content 
There are studies that show that some silanes are stable in water [49, 52]. The 
study by F. de Buyl and A. Kretschmer [49] of GPS in water showed GPS 
hydrolysed quickly, but condensation was only complete after 2 months, indicating 
the silanols of GPS are stable in water for weeks. The study by I. De Graeve et al. 
[52] showed a commercial aqueous silane product (10% BTSE) was stable for at 
least 6.5 months. Although these silane systems showed stability in water, many 
silanes are not stable in water. Surfactants may be one way to stabilise silanes in 
water. 
 
The use of surfactants to change the way in which silanes react are widely 
used in the preparation of silicon based particles using sol-gel technology [28, 63, 
97-100], but there have been few published studies on the effect that surfactants have 
on stabilising silanols in aqueous media. 
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Almanza-Workman and colleagues introduced the idea that surfactants may 
stabilise silanes in water without detrimental effects to the end use of the product 
[64-66]. They studied silanes in water for use as hydrophobic coatings. The first 
article reported on the stability of a commercially available water dispersible silane, 
Silicad
®
 and an ammonium based cationic surfactant (alkyl dimethyl benzyl 
ammonium) in water. They found that the stability of Silicad
®
 was improved by 
addition of the cationic surfactant without significant detrimental effect to the 
hydrophobic properties of the films formed from this emulsion [64].  
 
The second article compared the stability of Siliclad
®
 to amino silanes (N, N-
dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP) and N, N-
didecyl-N-methyl-3-aminopropyltrimethoxysilyl chloride (DIDAP)), as well as 
emulsions of these silanes and Silicad
®
. These amino silanes are cationic surfactants 
and the emulsions were more stable than Silicad
®
, due to the quaternary ammonium 
groups allowing the silanes to aggregate and disperse in the aqueous phase [66].  
  
The third article reported the effects on stability of the Silicad
®
 emulsion 
based on the length of the hydrophobic tail of the cationic quaternary ammonium 
surfactants (dodecyltrimethylammonium bromide (DTAB), 
tetradecyltrimethylammonium bromide (TTAB), hexadecyltrimethylammonium 
bromide (CTAB)). They found that low concentrations of Silicad
®
 are more stable 
than high concentrations Silicad
®
 was most stable at a pH around 4. The cationic 
surfactants improved the stability by preventing condensation reactions occurring 
between the silanols and helped film formation due to the electrostatic attraction 
bringing the micelles closer to the negatively charged substrate surface. It was also 
found that detrimental effects of the amino silanes on the stability of emulsions with 
Silicad
® 
became evident above a concentration of 0.05 M [65].  
 
These studies showed that surfactants in the reaction media change the way 
silanes react in water. There is a clear need to investigate how surfactants affect 
reactivity of specific silanes under mild pH conditions. 
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1.2.3 Silanes for Particle Preparation 
Silica particles are widely used in industry. Silica nanoparticles may possess  
remarkable colloidal stability in water and in salt solution due to the large negative 
surface charge under neutral and basic conditions [29]. Their compatibility in 
production of composites increases when their surface is modified for the emulsion 
that they will be used in. One type of surface modification is the reaction of silica 
particles with functional silanols (of which the research in this thesis will be 
applicable). More recently, particles are being synthesised directly from functional 
silanes, which can make functional silicon particles with various compatibilities in 
fewer steps.  
 
Studies have shown functional silanes can be used to make monodisperse 
particles [96, 101, 102]. Larger particles (1-4 µm) have been made with base 
catalysis of silanes in water [96, 101]. To make smaller particles, a surfactant is 
required to reduce the size of the emulsion particles, these reactions are also 
catalysed to increase the rate of particle synthesis as well as decrease the 
polydispersity [102].  
 
 In particle synthesis, three main factors control the size of the particles: 
  
1) The amount of silane, a higher concentration in the emulsion leads to larger 
particles [101-103].  
 
2) The catalyst concentration, a higher concentration (within limits) leads to 
smaller particles [96, 101, 103]. In one emulsion a change from 0.1 M 
ammonia to 15 M ammonia changed the average particle size from 1.7 µm to 
200 nm respectively [103]. In a second emulsion when the ammonia 
concentration was changed from 1% to 5 %, the sizes decreased from 142.9 
nm to 111.0 nm, respectively [41]. 
 
3) The higher the surfactant concentration (up to the critical micelle 
concentration (CMC)), the smaller the particle size [41, 102]. When the 
1.2: Trialkoxysilane Emulsions 
 Kristina Eriksson-Scott Page 18 
 
surfactant (sodium dodecylbenzene sulfonate, SDBS) concentration changed 
from 0.2 × CMC to 1 × CMC the particle size changed from 211.9 to 137.9 
nm respectively [41]. Similarly particle sizes of 141 nm,  35 nm, and 32 nm 
were achieved from emulsions using 0.1 × CMC, 0.7 × CMC and 1 × CMC 
surfactant (SDBS) concentrations[102]. Note the change in particle size is 
smaller closer to the CMC. 
 
There are many more factors such as type of silane [101, 102], reaction 
temperature [101], reaction time [96, 103], reaction media [102, 104], surfactant type 
[63], and mixing method [96, 97] which also affect the size distribution. 
 
 There are two mechanisms for controlling the size of particles synthesised 
from silanes in basic aqueous media with no added surfactant: nucleation and silanes 
acting as surfactants.  The nucleation theory proposed that a higher concentration of 
catalyst will have a larger number of nucleated sites and thus, smaller particles 
should form. Qu et al. [96] used a two step process where a small amount of catalyst 
(0.001-0.003 % ammonia) was used in the initial stages (12 hrs) of the synthesis to 
hydrolyse the silane, then  a larger amount (0.1% ) of catalyst was added to the 
reaction emulsion to condense the silanols, which resulted in the formation of large 
monodisperse particles. The use of 0.001% ammonia or 0.003 % ammonia in the 
initial stages led to particles with average sizes of 3.8 µm and 1.3 µm respectfully.  
 
 Lu et al. [103] suggested that some silanes such as MPTMS act as surfactants 
when hydrolysed and these stabilise emulsion droplets. Larger amounts of catalyst 
(ammonia) give more hydrolysis and therefore a higher pseudo surfactant 
concentration, thus decreasing the size of the silica particles. This idea was further 
justified by the increase in polydispersity as time increases through Ostwald ripening 
(described below), which occurred as quickly as 24 hrs after commencing the 
reaction [103]. Gentle stirring (115 rpm) was used for hydrolysis during the 
nucleation method [96], whereas vigorous mixing (2500 rpm) was used for the 
pseudo surfactant method [103]. 
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Hydrolysis time is important for preparation of the maximum concentration 
of silanols, where a condensation catalyst is often added to increase condensation 
rate. If the condensation catalyst is added too early, polydisperse particles are formed 
(see Figure 9). This is because both hydrolysed and unhydrolysed species are present 
in the emulsion when the emulsion is not fully hydrolysed. Therefore, when the 
condensation catalyst is added the partially hydrolysed species condense, leading to 
polydisperse particles [96]. When the catalyst is added without pre-hydrolysation 
then the emulsion is usually shaken vigorously to increase the homogeneity of the 
emulsion and reduce polydispersity [104].  
 
 
 
Figure 9: Schematic of the difference in final particle distribution after condensation of a 
fully hydrolysed emulsion and a partially hydrolysed emulsion. 
 
Surfactants have been shown to be necessary for efficient hydrolysis to occur 
in some emulsions (methyltrimethoxysilane, span 85, n-octane and water), where the 
hydrolysis occurs at the interface between the oil and water phases [63]. Another 
study using an emulsion of tetraethyl orthosilicates (TEOS) and CTAB in 
hydrochloric acid has also shown that surfactants aid in the hydrolysis process [105].
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Short time 
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1.3 Surfactants  
Surfactants are surface active agents. They usually lower the tension at the 
air-water interface of an aqueous emulsion and modify the interfacial properties 
between water and an immiscible liquid [106]. This phenomenon is achieved because 
the surfactant molecules have a hydrophobic part and a hydrophilic part in the same 
molecule, as shown by the various structures shown in Figure 10.  
 
Figure 10: Representation of some surfactant types. The ionic surfactants (anionic, cationic 
and amphoteric) contain a polar head group and a non-polar tail; amphoteric surfactants 
contain both a positive and a negative polar group. The non-ionic surfactants have no 
ionisable group and thus no charge. The non-ionic surfactants can have many forms, the 
common forms are block A-B type copolymers where one block is polar and the other block 
is non-polar. Another block copolymer type is A-B-A or B-A-B. The third type of non-ionic 
surfactant is the rake or brush form where polar and/or non-polar groups are grafted onto 
either a non-polar or polar backbone. 
 
 
 
When a surfactant is introduced into an emulsion of two immiscible liquids, 
such as oil and water, the surfactant generally accumulates at the interface lowering 
the surface tension between the interfaces [107]. The hydrophobic part of the 
surfactant favours the more hydrophobic liquid (oil) and the hydrophilic part favours 
+ + 
   
  
Rake or brush 
A-B type 
A-B-A type Anionic 
Cationic Amphoteric 
+ + 
Non-ionic Ionic 
1.3: Surfactants 
 Kristina Eriksson-Scott Page 21 
 
the more hydrophilic liquid (water) thus lowering the interfacial tension. The degree 
to which the surface tension is lowered is related to how suited the hydrophobic 
group is to the “oil” phase [106].  
 
There are four main types of surfactant: anionic, cationic, amphoteric and 
non-ionic and these are illustrated in Figure 10. Anionic surfactants have a negative 
head group such as carboxylate, sulphate, sulphonate and phosphate [107, 108]. 
Many surfaces are negatively charged, which means anionic surfactants will not be 
attracted to these surfaces due to electrostatic repulsion between the negatively 
charged ions. Cationic surfactants are positively charged and are attracted to 
negatively charged surfaces [107]. If anionic and cationic surfactants are mixed 
together, they often form water insoluble complexes. Amphoteric surfactants contain 
both a positive and negative head group, the overall charge is controlled by pH, and 
are often used in conjunction with other surfactants [107].  
 
Non-ionic surfactants have advantages over ionic surfactants because they are 
not affected by either the polarity of the solvent emulsion, nor the charge of the 
surface they adsorb to. Non-ionic surfactants are insensitive to pH and water 
hardness and are compatible with charged molecules [107, 108]. Non-ionic 
surfactants are generally polyethers including blocks of polyethylene oxide (PEO) 
and/or polypropylene oxide (PPO). An increase in ethylene oxide (EO) content 
increases the molecule’s solubility where as an increase in propylene oxide (PO) 
slightly decreases the molecule’s solubility.  
 
In most cases, commercial non-ionic surfactants are emulsions of similar 
molecules with several molecular weights, described by their polydispersity [107, 
108]. This is because non-ionic surfactants are made by polymerisation reactions and 
separation of similar molecules with slightly different molecular weights is very 
difficult. The non-ionic surfactant will have a polydispersity for both the polar and 
non-polar components [107] and that is beneficial since single molecule surfactants 
without co-surfactants are often less effective [108] 
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1.3.1 Critical Micelle Concentration  
The critical micelle concentration (CMC) is the extremely narrow 
concentration range at which the surfactants form micelles [108, 109]. At 
concentrations below the CMC the surfactant is dissolved in solvent, but at 
concentrations far above the CMC many more complex surfactant structures are 
possible such as vesicles and ribbon phases. The CMC is important because many 
solution properties change at the CMC (see Figure 11) [110]. At or above the CMC 
the surface tension becomes almost constant, the osmotic pressure increases less 
significantly and the turbidity of the solution increases more significantly [110].  
 
 
Figure 11: Illustration demonstrating the rapid change in properties of the solution before 
the CMC. The lines are for the properties,  surface tension,  osmotic pressure, – 
turbidity and ---CMC [110].  
 
The CMC is determined by the structure of the surfactant and the solvent 
emulsion. Structural determinants to increase the CMC value include: 
 introducing polar atoms such as oxygen or nitrogen into the hydrophobic tail,  
 increasing the number of hydrophilic head groups,  
 decrease the number of carbon atoms in the hydrophobic chain, and 
 increase the proportion of ethylene oxide units in non-ionic surfactants.  
Environmental factors that can decrease the CMC include: adding electrolyte 
to ionic or amphoteric surfactant solutions (non-ionics are rarely affected by 
electrolytes) and decreaing the temperature [108]. The CMC is an important factor 
that changes depending on the surfactant environment. 
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1.3.2 Surfactant Solubility 
The Krafft temperature of a surfactant is the critical temperature above which 
the solubility of the surfactant greatly increases. This is a very important parameter 
because the stability of products containing surfactants may then be dependent on 
this temperature. If the product is prepared above the Krafft temperature and above 
the CMC, excess surfactant is incorporated into micelles [108, 111]. Below the 
Krafft point the surfactant will often precipitate out due to insufficient solubility, 
hence the emulsion will be destabilised [111]. The Krafft point is where the CMC 
(below the Krafft point micelles do not form [110]) and the solubility curves intersect 
as shown in Figure 12 [111].  
 
 
Figure 12: Phases surrounding the Krafft point and the determination of Krafft 
temperature [111]. 
 
The Krafft temperature is affected by counter-ion concentration, alkyl chain 
length and chain structure. It is important to know the Krafft temperature of a 
surfactant since a surfactant solution below its Krafft temperature will not work 
effectively [111]. For example, Schiller et al. [62] found temperature affected 
particle size when CTAB was used in reactions of a glycol modified TEOS; poor 
results were found at low temperatures, 8 C and 10 C, but had better results at 25 
C and 30 C. CTAB has a Krafft point of  25 C [65] and this was likely to be the 
factor influencing their results.  
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Some non-ionic surfactants also exhibit a decrease in solubility due to 
temperature. As the temperature rises past a particular temperature, the solution starts 
to become cloudy. This temperature is called the cloud point. The cloud point 
depends on surfactant structure and is influenced by additives such as electrolytes 
(e.g. NaCl, NaBr, KCl, KBr, NaI, KI, NaSCN, Na2SO4, NaNO3 , tetra butyl 
ammonium iodide and tetra methyl ammonium bromide) [107, 112, 113] and non-
electrolytes (e.g. Ca(NO3)2, glucose and sucrose) [113]. 
 
An increase in turbidity (cloudiness) for non-ionic surfactant emulsions is 
attributed to an increase in micellar aggregates and interactions [114]. The addition 
of electrolytes can either increase or decrease the cloud point. If the electrolyte is 
salting-out (e.g. Na2SO4, NaNO3) the cloud point decreases and if the electrolyte is 
salting-in (e.g. NaSCN) the cloud point increases. The maximum surface activity of 
non-ionic surfactants is at a temperature near the cloud point [107, 112]. The cloud 
point of a non-ionic surfactant is important since the surfactant behaves differently 
above and below the cloud point. Control of cloud point can be achieved by mixing a 
non-ionic surfactant with a low cloud point with an anionic surfactant with a high 
Krafft temperature to give a larger range of temperatures that the surfactants will be 
effective [115].   
 
At a particular temperature, emulsions prepared from non-ionic surfactants 
will phase invert due to the surfactant becoming less soluble in water at higher 
temperatures. The temperature at which this phase inversion occurs is called the 
phase inversion temperature (PIT). An emulsion that is an oil in water emulsion will 
become a water in oil emulsion above the PIT and vice versa [108]. Emulsions 
prepared near the PIT form droplets with minimum size and are therefore more stable 
emulsions [108].  
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1.3.2.1 Emulsion Thermodynamics 
Emulsion stability is relative to the time scale under which the experiment is 
being conducted. A thermodynamically stable emulsion is very rare and only occurs 
when the energy of flocculation is positive [116]. The energy of flocculation,       , 
is given by:  
 
                                                Equation 2 
 
where        is the enthalpy of flocculation and        is the entropy of flocculation.  
Both        and         are usually negative quantities, thus if the magnitude of the 
change in entropy (      ) is greater than the change in energy (      ) then the 
energy of flocculation is positive and thus the emulsion is thermodynamically stable 
[116]. 
 
Most stable emulsions are kinetically stable rather than thermodynamically 
stable, in that they break down slowly over time. An emulsion is deemed stable if 
there is no observable change in size distribution or spatial arrangement of the 
droplets over the desired experimental time scale [117]. Hence, the slower the 
emulsion breaks down, the more stable the emulsion. There are three main steps in 
emulsion breakdown: flocculation, coalescence and creaming (or sedimentation), and 
these steps are shown in Figure 13. Another mechanism contributing to emulsion 
instability is Oswald ripening, where solubility differences between droplets cause 
emulsion droplets to grow in size.  
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Figure 13: Schematic representation of factors affecting stability. A) Initial emulsion, B) 
Aggregated emulsion,. C) Emulsion with a broad size distribution,. D) High emulsion 
concentration at the top, and E) Complete phase separation.  
 
Flocculation, shown in Figure 13, is reversible aggregation, re-dispersing is 
possible with the addition of energy in the form of mechanical forces e.g. shaking or 
stirring [118]. DLVO theory (named after the developers B. Derjaguin, L. Landau, E. 
Verwey and J.T.G. Overbeek) assumes that the repulsive and attractive interactions 
are balanced in a flocculating emulsion [119]. The attractive van der Waals 
interactions balance the repulsive interactions from the electrical double layer around 
every emulsion droplet [119]. The potential energy in relation to separation is shown 
in Figure 14, which shows that flocculation only occurs where the potential energy 
has a local minimum. Thus flocculation will not occur if the electrical double layer is 
far greater in thickness than the radius of the emulsion droplets and hence 
flocculation is a process promoted by large droplet size. 
 
Figure 14  also shows that the energy required to reverse flocculation is far 
less than the energy required to reverse coagulation due to coagulation being the 
global minima of the emulsion [120]. Although flocculation is reversible, 
flocculation increases the chance of creaming and coalescence, adding to emulsion 
instability.  
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Figure 14: Schematic representation of the energy graph obtained when plotting the 
potential of attraction combined with the potential energy of repulsion. Separation distance 
is the separation distance between the centres of the emulsion droplets. The potential energy 
depends on the separation, thickness of the electrical double layer and the zeta potential. 
When the thickness of the electrical double layer is much greater than the radius of the 
emulsion droplet, this emulsion will not flocculate (broken line - - -). When the thickness of 
the electrical double layer is far less than the radius of the emulsion droplet, a stable floc 
may form (solid line —).  
 
 
Flocculated droplets (flocs) coalesce when two or more drops merge into one 
[120]. To get coalescence, the surfactant layers around the droplets must rearrange to 
form a neck so that the fluid in the two droplets can join making a new larger droplet 
[120]. Stable flocs are not likely to coalesce. The tendency to coalesce reduces once 
an emulsion droplet is smaller than 50 nm due to the large surface energy barrier for 
neck formation [121].  
 
Creaming or sedimentation occurs if there is a difference in density between 
the dispersed phase and the continuous phase. If the dispersed phase is more dense, 
sedimentation occurs, but if the dispersed droplets have a lower density than the 
continuous medium then creaming occurs.  The resultant increase in effective radius 
of the dispersed phase droplets through flocculation, causes the aggregates to move 
faster through the continuous phase than individual emulsion drops [117]. The 
creaming rate,   , is determined by [122]: 
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             Equation 3 
 
where,   , is the difference in density between the dispersed phase droplet and the 
continuous phase, r, is the radius of the droplet and,  , is the viscosity of the 
continuous medium [122]. As can be seen by Equation 3 the rate of creaming is a 
function of the density difference between the droplet radii and the solution viscosity. 
Hence the increased creaming rate when flocculation and/or coalescence occurs in 
the emulsion.  
 
Emulsions that are stable in relation to flocculation and coalescence but 
increase in size distribution over time are instable due to Ostwald ripening (shown in 
Figure 13). Ostwald ripening is the result of a solubility difference between the 
molecules in different sized emulsion droplets. Molecules within smaller emulsion 
droplets have a higher solubility than the same molecules in an emulsion with larger 
radius droplets [117, 123]. The smaller emulsion droplets dissolve, and molecules 
diffuse through the aqueous phase, migrating into larger droplets [117]. Ostwald 
ripening is driven by Laplace pressure, where the molecules move from an area of 
high pressure (small droplets) to an area of low pressure (large droplets) [110]. The 
pressure difference is given by: 
 
           
 
  
 
 
  
     Equation 4 
 
where     is the pressure in droplet i with a radii of    and    is the surface tension 
between the dispersed phase and continuous phase. The small droplets essentially 
dissolve and the big droplets grow [110].  
 
The rate of the Ostwald ripening is limited by the diffusion of the molecules 
though the continuous medium, thus ripening effects can be lessened by the addition 
of less diffusive and less soluble hydrocarbons into the dispersed phase [123]. 
Ostwald ripening is also reduced or less apparent in emulsions where the dispersed 
phase is not very soluble in the continuous phase [110].  
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This section highlighted that emulsion stability is dependent on flocculation, 
coagulation, coalescence, creaming, Ostwald ripening, and other reactions occurring 
in the emulsions such as condensation of silanols. Aqueous silane emulsions are very 
complex systems with additional variables from the reactions of the silanes with 
water causing silanols and siloxanes to form.  
 
 
1.4 Deposited Silanes 
 
Silanes are deposited on substrates for various applications, such as corrosion 
protection or surface modification [26, 27, 55]. The silanes must be hydrolysed to 
silanols in order to bond efficiently to the surface through hydrogen bonding 
followed by the formation siloxane bonds. If the silanes are hydrolysed in contact 
with the coating material (for instance adding particles to be functionalised before 
the silane is hydrolysed) there is a lag time before an effective coating is observed, 
and this lag time coincides with the time required for the silanes to hydrolyse [55]. 
The following sections will describe how silanes form films in contact with surfaces, 
the surface preparation requirements, and the effect of curing films.  
 
1.4.1 Film Formation 
Silane films form when silanols come in contact with hydroxyl groups on 
surfaces such as zinc or aluminium. Figure 15 shows the initial reaction of silanols 
with the hydroxyl groups on a surface. The –OH bonds on the silanol form hydrogen 
bonds with the –OH bonds on the surface. The figure also shows an emulsion where 
some condensation has occurred between silanols and shows that these siloxane films 
are not expected to be a simple monolayer on the surface. These hydrogen bonds 
form quickly. It has been found that films deposited from silanes dissolved in 
ethanol-water emulsions are the same whether the deposition media is in contact for 
30 s, or 30 min [16]. However, another report shows there is an increase in the 
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resistance of the deposited film between 5 s and 60 s and then a decrease between 
60 s and 90 s, due to the reversible nature of the hydrogen bonds formed[124].   
 
 
Figure 15: Hydrogen bonded silanes and silane oligomers, during film deposition. 
 
After the initial film forming stage, the hydrogen bonds become covalent 
bonds through condensation where water is released as a by-product. Condensation 
has occurred to form the film in Figure 16, but there are still many silanol groups in 
the film that have not condensed at this stage.  
 
Figure 16: Beginning of siloxane network formation shortly after deposition. 
  
Curing increases the cross-linking of the film causing the film to have a 
higher density (Figure 17) [10, 60, 125, 126]. Full cross-linking of the film does not 
occur with simple film drying without added heat [126]. Cross-linking of some of the 
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available silanols in the film occurs at temperatures below 200 C [60]. Major 
changes in film composition due to curing occur at temperatures between room 
temperature and 50 C, but small changes still occur between 50 C and 120 C[127]. 
The optimum temperature for curing a silane film deposited from an ethanol solution 
is 93 C [127].  The requirements for curing of a film depend on the silane solution 
composition [125]. For instance, if an ethanol based solution of silanols is deposited 
instead of an aqueous solution, the ethanol will evaporate quicker and thus the curing 
process may need different temperatures.  
 
 
Figure 17: Cross-linked siloxane network after curing. 
 
In the deposition process the number of hydroxyl groups is important, 
needing both high active silanol content and hydroxyls on the surface to be modified. 
It can therefore be said surface preparation is a critical variable to ensure a quality 
film is deposited. 
 
1.4.1.1 Substrate Surface Preparation 
Most metals will form an oxide layer when exposed to air especially metals 
like aluminium and zinc, which form this layer soon after a fresh metal surface is 
exposed to air [128]. When silanes are deposited onto a substrate, the silanes form 
covalent bonds with the oxide layer on the substrate. It is assumed that any mention 
of substrate from hereafter is referring to the oxidised surface of the metal substrate. 
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It has been reported that the pH of the cleaning solution for metals has a 
major effect on film formation [129, 130]. Wang et al. [130] tested how the pH of the 
cleaning solution affected the properties of silane film formed on cold rolled steel 
and found that the best film formed when the steel was cleaned with a solution that 
was mildly alkaline and had a pH of 9.5. This is close to the isoelectric point of cold 
rolled steel [130]. It was stated that this was due to an increase in the number of 
hydroxyl groups (–OH), not the charged species (–O- or –OH2
+
) which are formed 
above and below the isoelectric point, respectively [129, 130]. 
 
The isoelectric point is the pH at which the substrate has an overall neutral 
charge. The surface of the substrate will become positively charged at a pH below 
the isoelectric point. Many researchers claim washing the metal in alkaline 
conditions produces the best film [10, 130-133]. This could be because a mild 
alkaline clean is close to the isoelectric point of the metal surface. The reaction of 
surface oxides with an acid to produce a positively charged surface is described by 
Equation 5 [130, 134-136]. 
 
MetOH(surface)
 
+ H
+
 (aq) ↔ MetOH2
+
(surface),   Equation 5 
 
where Met is the metal surface.  
 
The reaction of surface oxides with a base to generate a negatively charged 
surface is described by Equation 6 [134-136] , 
 
MetOH(surface)
 
+ OH
-
(aq) ↔ MetO
-
(surface) + H2O.    Equation 6 
 
The surface charge may change the way the silanol molecules will react with 
the surface, Figure 18 shows the three possible mechanisms that may describe how 
the silanol molecules may react with the surface. When the surface is positively 
charged (Figure 18A), it is highly unlikely that a reaction will occur between the 
silanol and the positive oxide surface and if any reaction does occur it would have to 
be a multi-step mechanism.  The bonds between the silanol and substrate form easily 
with a neutral substrate (Figure 18B) since water is a good leaving group. Figure 18C 
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shows one possible mechanism of how the silanol molecules may react with the 
negatively charged surface. It is also likely to form a pentacoordinate silicon 
complex with the oxide surface. It is unlikely that OH
-
 will leave in Figure 18C 
because OH
-
 is a poor leaving group and is therefore not a fast reaction.  
 
 
Figure 18: Silane reactions with a metal oxide surface when cleaned at various pH values: 
A) pH below the isoelectric point, B) pH at the substrates isoelectric point, and C) pH above 
isoelectric point of the substrate. 
 
 
It is expected that bonds between the silanol molecules and the substrate form 
more easily with MetOH than with MO
-
 or MetOH2
+
. Therefore a higher surface 
concentration of MOH, as opposed to MetO
-
 or MetOH2
+
 will give a higher 
probability of Met-O-Si bonds. Hence, it is best to clean the substrate with a cleaner 
that has a pH at the isoelectric point of the substrate before coating if using a pH 
based cleaner [129, 130] . 
 
Most researchers have a series of cleaning and substrate preparation steps 
before silane deposition. Most include degreasing (usually ultrasonically in ethanol, 
isopropanol, acetone or hexane) to remove the oils on the substrate, washing with 
alkaline cleaner (AC1055® or Novomax®), rinsing with deionised water and air-
dried. There are many variations on this technique. Some skip the degreasing step 
[137] and others make the alkaline cleaning solution hot [138]. It has also been 
reported that a phosphoric acid treatment of carbon steel increases the corrosion 
resistance[139]. Some studies do not follow the solvent degreasing step with any 
other cleaning wash [14, 21, 140-142]. 
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Silanes are deposited on to substrate in many ways. For contact deposition 
(rather than EPD) the substrate needs to be clean and the mixture/emulsion needs to 
be able to wet the substrate. Surfactants decrease the surface tension between a liquid 
and a surface, therefore surfactants in an aqueous silane emulsion should allow the 
mixture/emulsion to wet the surface adequately to allow the siloxane film to form. In 
this study substrate degreasing was followed by film deposition without an alkaline 
cleaning wash. This was to reduce variables and test the film formation on the 
untreated zinc surface. 
 
1.4.1.2 Film Deposition 
The deposition of silanols onto metal substrates are determined by many 
factors. One of which is the ability of the silanol emulsion to wet the metal substrate 
[10]. Hydrophobic silanes/silanols tend to have poor wetabilities when coating 
hydrophilic substrates, whereas hydrophilic silanes deposit well on these surfaces. 
For example, the hydrophobic silane, bis[3-(triethoxysilyl)propyl]tetrasulfide 
(BTESPT) coats poorly on the surface of zinc, but coats aluminium well [16]. The 
hydrophobicity of a surface can be found by measurement of the contact angle [143]. 
Emulsions of silanols can increase wettability. Van Ooij et al. [10] found that adding 
bis(3-trimethoxysilylpropyl)amine  (BTMSPA) to BTESPT increased the wettability 
of the silanols on galvanised steel and increased the corrosion protection of the 
deposited film [10].  
 
Siloxane coatings have been applied to substrates via three different 
deposition techniques: contact deposition, electrophoretic deposition (EPD) [144-
147] and plasma deposition [148]. The contact deposition involves the silane 
emulsion coating the substrate via dip coating, spin coating [5], spin dried after dip 
coating [86], and spray coating [86]. The EPD method uses silanes dissolved in an 
organic medium, and a current is used to deposit the silanes onto the metal surfaces 
[144-147]. Finally, the plasma deposition involves a unit that chemically decomposes 
the silane vapour precursor in a vacuum to grow the film molecule by molecule 
[148]. The two methods that will be discussed are contact deposition and EPD, as the 
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limitations of the plasma deposition method (due to the vacuum requirements) 
prevent its use in the galvanised steel industry.  
 
When dip coating is used, the silanols are usually prepared in an organic 
solvent with an initial concentration of silane between 0.1 % – 10.0 %. There is a 
linear relationship between the concentration of silane and the thickness of the final 
film [149], but there is no relationship between time of dipping and film thickness for 
emulsions containing high levels of ethanol. The spin coating technique may be used 
to produce films of different thickness, where a higher viscosity coating formulation 
leads to thicker films [86].  
 
Electrophoretic deposition can only deposit on surfaces that are conductive, 
but it has the advantage that the films are generally are more homogeneous than 
films created by either dip coating or spin coating. EDP can also deposit silanes with 
good coverage that would have poor coverage if deposited by contact deposition. The 
reaction media for EPD needs to be mostly organic because the electrolysis of water 
occurs at a low voltage, and the gas bubbles evolved can cause the deposited film to 
be porous [150, 151], however, current pulse sequences are being studied as a means 
to resolve the electrolysis of water issue [150]. In EPD, the thickness is determined 
by the length of time the current is applied where an increased time leads to a thicker 
film.  
 
Multi-layer films can be made by re-dipping after drying and curing. 
Considerable improvements to corrosion resistance may occur due to extra film 
thickness. The polar silanes do not effectively prevent the corrosive ion uptake, due 
to pores that allow the electrolyte to reach the substrate [152] . The most common 
deposition type is the dip coating method due to the quick and cheap nature of its 
application while still achieving desired results. 
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1.4.2 Siloxane Films and Corrosion Protection 
The corrosion protection offered by siloxane films is generally by barrier 
protection. Siloxane films give good barrier protection because the films are 
considered hard, resistant to scratches and are quite thermally stable [152].Silane 
films are considered to be short-term corrosion protection systems. Corrosion occurs 
when electrolyte reaches the metallic substrate through small cracks or defects in the 
film [153]. For example, a scratch through a siloxane film on zinc gives access to the 
corrosive ions to reach the zinc. Scratches through the film are an anodic site with 
the cathodic activity occurring around the scratch site. Oxygen is reduced at the 
cathodic site with the production of hydroxyl ions and zinc is oxidised to Zn
2+ 
at the 
anodic site. The Zn
2+
 migrates from the anode to the cathode to form corrosion 
products [154]. The corrosion reactions at the anode don’t alter the pH of the anodic 
region significantly [154], however, the corrosion imparts a localised increase in pH 
near the cathodic regions, higher than pH 10.5 [154]. Once corrosion starts the 
siloxane films deteriorates rapidly under the high pH values in the cathodic site of 
corroding zinc [155].   
 
Some silane technology is aimed at replacing hexavalent chromium 
passivation techniques [2, 60, 132, 156-158]. Chromate passivation offers active 
inhibition known as self healing, where chromium ions diffuse from the film into 
damaged areas and form a new protective layer [60]. In contrast, silane films are 
passive, the films do not have self healing abilities or inhibitive properties [9]. 
However, when silane films are doped with additives such as cerium nitrate, self-
healing films are often achieved [153, 159-161]. The most common additives are 
cerium (III) salts [11, 18, 75, 131, 137, 138, 140, 153, 160-165], cerium(IV) salts 
[140, 166] and cerium oxide nanoparticles [131, 137, 158, 167, 168]. Cerium oxide 
nanoparticles have been shown to be benign species in ageing of aqueous BTSE 
mixtures, but their incorporation into the film still increases corrosion protection 
[167]. This shows that these additives can be used to increase corrosion protection. 
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Researchers have used scanning vibrational electrode techniques, where a 
scratch is placed in the film and the corrosion is monitored to show that a “self 
healing” siloxane film is achievable using cerium additives [153, 165] [158]. A 
schematic of how a silane film can self heal is shown in Figure 19.   
 
 
Figure 19: Schematic of the self-healing mechanism of a silane film with additives such as 
cerium (III) salts. The silane film containing inhibitors, when scratched, allows the release 
of the inhibitors that often will react with corrosion products to form a new passivation 
layer. 
 
 
It has also be shown that the overall performance of the film increases with 
the addition of some inhibitors or particles [165]. The inhibitors or nanoparticles can 
include insoluble species such as cerium oxide nanoparticles [154, 169], zirconium 
oxide nanoparticles [154, 169] and silica nanoparticles [133, 170-172].  The soluble 
inorganic inhibitors can include cerium(III) salts [11, 18, 75, 131, 137, 138, 140, 153, 
160-165], cerium(IV) salts [140, 166] and zirconium nitrate [6, 165] and the organic 
inhibitors can include benzotriazole [10, 161], tolyltriazole [10, 161], and a 
derivative of benzotriazole [10, 161]. The cerium based additives have been shown 
to inhibit  corrosion onset in an imposed defect by inhibiting the cathodic region 
[153]. Therefore, siloxane films have the potential to reduce the onset of corrosion 
significantly. 
 
 Film containing inhibitors Scratch in film 
Bare metal substrate 
Re-passivated metal 
Inhibitors leach out forming a new layer 
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Siloxane films used for corrosion protection or surface modification are 
affected by the parameters of the systems used for coating. The parameters include 
the curing time and temperature. The mixtures are affected by the concentration of 
active silanol content or other additives (such are cerium nitrate) which act 
synergetically to provide better corrosion protection.  
 
1.5 Research Aims 
 
The aims of this research project were: 
 
 To determine the influence of surfactants on the kinetics of hydrolysis and 
condensation of silanes in aqueous emulsions. 
 
 To determine how surfactants affect the stability of aqueous silane emulsions. 
 
 To evaluate whether surfactants could be used to increase the usable lifetime 
of aqueous silane systems. 
 
 To determine the effect of siloxane films on the corrosion of zinc. 
 
 To determine the effect of emulsion ageing on film morphology and 
electrochemical properties of the deposited films on zinc surfaces. 
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2.1 Analysis Techniques 
 A number of analysis techniques were used to characterise the emulsions and 
films throughout this project. The emulsions were characterised by dynamic light 
scattering (DLS), nuclear magnetic resonance spectroscopy (NMR), and solvent 
extraction followed by gas chromatography-mass spectroscopy (GC-MS). The films 
were characterised by scanning electron microscopy (SEM), atomic force 
microscopy (AFM), and electrochemical impedance spectroscopy (EIS). Both the 
films and emulsions were photographed to document visual changes. 
2.1.1 Dynamic Light Scattering 
The ability to determine the emulsion droplet size (or particle size) in solution 
gives important insights into the consistency of the emulsion. Dynamic light 
scattering (DLS) is a popular technique to determine the size of particles in an 
emulsion because it is quick and does not destroy the sample [173-177].  
 
Dynamic light scattering works by correlating the change in scattering signal 
created by the Brownian motion of the particles [173]. All matter in suspension is in 
Brownian motion, that is, in random movement and smaller molecules move faster 
than larger molecules in accordance with the Stokes-Einstein equation (assuming that 
the particles are spherical).  
 
  
   
    
                                                       Equation 7 
 
where   is the diffusion constant,    is the Boltzmann’s constant,   is temperature in 
Kelvin,   is the solution viscosity, and   is the particle radius. It is clear from 
Equation 7 that, as the radius of the particles increase, the diffusion will be slower. 
 
The size of a particle measured by DLS is the hydrodynamic radius of the 
particle, since the particle diffusion given by Equation 7 is what determines the size 
measurement. The hydrodynamic radius of the particle is affected by the solvent, 
temperature, and geometry of the particle [173, 175, 178].  
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To analyse the sample, a laser (with a wavelength much larger than the 
particles being measured) shines into the sample, and is scattered by particles in the 
sample. The signal received from the scattered particles fluctuates in intensity (due to 
Brownian motion) on the microsecond timescale. These fluctuations are analysed by 
an autocorrelator, which normalises the data into a first order autocorrelation 
function [175]. Analysis of the autocorrelation function can give the size of the 
particle in the emulsion. 
 
 
2.1.1.1 Data Analysis 
The rate at which the autocorrelation function decreases is related to the 
diffusion of the particle and hence is related to the size of the particle. The speed of 
the particle movement determines the rate the signal will become incoherent. If 
particles are moving slowly then the signals will be similar for longer, but if the 
particles are moving quickly then the signal will change rapidly (if you take  multiple 
photos of a runner the pictures will be quite different but if you take pictures at the 
same rate of a person walking then the pictures will be similar). The size is 
determined by fitting the measured autocorrelation function by either the cumulants 
method [178, 179] or the CONTIN method [180, 181].  
 
Fitting with the cumulants expansion is only possible for a monomodal 
emulsion because the method assumes that the distribution of particle sizes is 
Gaussian in shape. This allows for a linear fit of the data giving the average size and 
polydispersity of the emulsion [179]. When the sample has a bi-modal or multi-
modal distribution, CONTIN is used to fit the data using exponential sampling [181, 
182]. The CONTIN method can resolve multi-modal emulsions when the size scale 
ranges from 1-10 µm [173], however when the particles are on the nanoscale, 
difficulties arise in resolving the different nanoparticle sizes [177]. The size 
distribution found by fitting the autocorrelation function is given in terms of the 
intensity of the signal and hence the graphical representation is intensity weighed.  
The scattering density of the particles is also an important factor, particles with a 
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higher scattering density such as gold particles would scatter more light than 
polymers such as polystyrene [174]. An example of the correlograms produced for 
two different monomodal emulsions are shown in Figure 20.  
 
 
 
Figure 20: A) The correlogram produced by the autocorrelator from signals received from 
measuring of 4% mercaptopropyltrimethoxysilase and 1% decaethylene glycol monododecyl 
ether in water (red) and measuring of 4% mercaptopropyltrimethoxysilase and 2% 
decaethylene glycol monododecyl ether in water (green). B) The size distribution graph 
produced by the CONTIN method. 
 
 
A 
B 
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The emulsion with the large droplet diameter of 200 ± 80 nm is made from 
4% MPTMS and 1% decaethylene glycol monododecyl ether (E10C12) in water and 
the emulsion with the small droplet diameter of 8.5 ± 2.5 nm is made from 4% 
MPTMS and 2% E10C12 (sizes determined via CONTIN). Two things should be 
noted from the correlogram in Figure 20. The size of the particle is related to the time 
before the correlation coefficient begins to reduce in magnitude. The other is the 
polydispersity of the particle is related to the slope of the decrease in the correlation 
coefficient. The method of fitting the data is important, since different fitting 
methods can yield very different results. The cumulants method of data analysis gave 
an emulsion droplet size of 162 nm with a polydispersity of 0.23 for 4% MPTMS 
and 1% E10C12 and an emulsion droplet size of 7.9 nm with a polydispersity of 
0.085 for 4% MPTMS. 
 
The results obtainind using the two fitting methods are shown in Figure 21. 
the cumulants method in Figure 21A and the CONTIN method in Figure 21B.  The 
cumulants method determines the average particle size and the polydispersity of that 
emulsion and therefore is only suitable for mono-modal emulsions [177].The data 
fitting via the CONTIN method (Figure 21B) used non-negatively constrained least 
squares models to produce a size distribution graph. This allowed for the 
determinations of emulsion droplet sizes in a bi-modal or multi-modal emulsion. The 
CONTIN method gives the data in the form of a size distribution, giving the size of 
the peaks and the width of each peak. 
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Figure 21: Fitted data for the correlograms of the two different emulsion: small particles 
(green) and large particles (red). A) Using the cumulants method and B) using the CONTIN 
method. 
 
When interpreting DLS distribution graphs, the intensity based size 
distribution does not always give an accurate distribution. The scattering intensity is 
higher from large particles than from small particles, making DLS very sensitive to 
A 
B 
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large particles. A few large particles will give a much bigger intensity peak in 
comparison to many small particles. The intensity based size distribution can be 
converted into a volume distribution (in terms of the total volume the particles of 
each discrete size in the emulsion) or number distribution (the number of particles 
that sizes in the emulsion), if the refractive index is known for the particles. The 
volume distributions and the number distribution can be calculated using the 
intensity distributions and Mie theory [178].  
 
The intensity distribution gives the amount of light scattered by particles with 
diameters      and Mie theory gives us the amount of light scattered by particles 
of a certain diameter. Thus the number distribution can be given by [178]: 
 
                                                          Equation 8 
 
where      is the intensity distribution,      is the number distribution and  
             is the Mie scattering formula,     and     are the refractive indices of 
the continuous phase and the particles respectively. From the number distribution the 
volume distribution,     , can be calculated by [178]: 
 
     
 
 
  
 
 
 
 
                                        Equation 9 
 
A facile portrayal of the intensity-volume-number relationship can be 
described by imagining a sample with 100 particles of 5 nm diameter and 100 
particles with 50 nm diameter. The number distribution will have a one to one ratio 
in peak sizes, the volume distribution will show the 50 nm peak 1,000 times bigger 
than the 5 nm peak and the intensity distribution will have the 50 nm peak 1,000,000 
times bigger than the 5 nm peak [178]. Hence, if there are too many large particles in 
a sample, small particles cannot be seen in the graphical representation of the 
distribution.   
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2.1.1.2 Method  
The emulsions were tested on a Malvern Zetasizer Nano at 25 °C. the 
equilibration time was 5 min, the angle of detector was 173° and light source was a 
red laser (633 nm).  The liquid measured was the emulsion supernatant, and if the 
solutions were too hazy, they were diluted and the dilution factor recorded. Some 
samples were also filtered through a Millex
®
-HV 0.45 µm. The CONTIN method 
was used to fit the correlograms for size calculation of all emulsions (most were bi-
modal or multi-modal), however cumulants was used to determine the polydispersity 
of the monomodal systems. 
 
2.1.2 Gas Chromatography-Mass Spectroscopy 
Dichloromethane (DCM) extraction of reaction emulsions coupled with gas 
chromatography – mass spectroscopy (GC-MS) was used for measuring the 
concentration of residual silanes during hydrolysis reactions. The DCM extraction 
method was a simple method, since the hydrolysis reaction stops when the silane was 
extracted by the DCM as there was no water for the silanes to react with to continue 
the hydrolysis reaction [88]. GC-MS was used because it separates components of 
the emulsion and allows identification of the extracted species allowing accurate 
determination of the silane concentration.  
 
Nuclear magnetic resonance spectroscopy (NMR), although very good at 
following reactions, was determined not appropriate for measuring hydrolysis in 
emulsions either containing surfactants or water immiscible silanes. This is because: 
 
1) It is not possible for emulsions with poor water solubility (VTES, 
MPTMS and BTESPT) to be studied in water by NMR, as they require 
significant mixing to prevent layer separation. The spinning of the sample 
tube in the NMR is not sufficient to prevent phase separation of water 
immiscible silanes. 
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2) Surfactants contribute a large number of NMR signals, which overlap the 
signal from the alcohol groups (
1
H or 
13
C) that are consumed or produced 
from hydrolysis.  
 
3)  29Si has a slow relaxation time preventing fast measurement acquisition 
required to follow hydrolysis kinetics. The slow relaxation times may be 
reduced in severity by the addition of chromium acetylacetonate (a 
relaxation agent) [183]. The use of this agent also affects the rate of 
hydrolysis and condensation, and thus could not be used for these kinetic 
experiments.  
 
2.1.2.1 Method 
 The bulk surfactant emulsions were prepared at either 2% or 0.1% w/w in 
Milli-Q water. All experiments were conducted in a temperature controlled room at 
19-21 C and all reactants were equilibrated to room temperature before the 
experiments (except for MPTMS which was stored at 4C and was equilibrated at 
room temperature for 15 to 20 min prior to experimentation).  
 
For hydrolysis testing, pre-weighed water was added to pre-weighed silane, 
and this was time zero for the reaction. The emulsions were mixed in reaction vessels 
on an orbital mixer at 125 rpm. Six aliquots of 2 mL were taken at predetermined 
times and extracted with 2 mL of DCM. These extractions were then centrifuged for 
30 min at 3000 rpm. The DCM layers were transferred to new tubes and were 
centrifuged for a further 30 min at 11000 rpm. The clear DCM layer was dried with 
anhydrous sodium sulphate, followed by dilution to a suitable concentration for 
analysis by GC-MS. To reduce error the aliquots were collected as soon as possible 
after the sample was removed from the agitation source and each aliquot was 
collected from the same height in the sample container. 
 
The GC-MS was an Agilent Technologies 6890N GC coupled with 5972 
mass selective detector. The column was a HP5 ms (30 m in length, 0.25 mm internal 
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diameter, 0.25 µm film thickness) and an injection volume of 2 µL was used in 
splitless injection mode. The oven temperature was 70 C for the first 10 min 
followed by a temperature ramp of 10 C/min to 250 C and held for a further 10 min 
at 250 C. The instrument response was calibrated using solutions of known 
concentration for each silane. The resultant total ion chromatograms of the extracts 
were integrated and the areas of the peaks associated with the selected silanes used 
with the standard curve and dilution factors to calculate the concentration of the 
silane. The NIST mass spectra library was used to verify the peak assignment of the 
silane. 
 
2.1.3 Nuclear Magnetic Resonance Spectroscopy 
Nuclear magnetic resonance spectroscopy (NMR) was used to characterise 
the hydrolysis and condensation of GPS in water, as well as probe the influence 
surfactants have on the condensation of GPS in water. GPS was chosen because it is 
water miscible allowing both hydrolysis and condensation to be characterised by this 
technique. The water compatibility meant solubility issues could be avoided.  
 
All the condensation kinetics were monitored using distortionless 
enhancement by polarisation transfer (DEPT) spectroscopy on the 
29
Si signal. The 
signal was not locked, manual shimming was performed on all samples studied and 
chemical shifts were calibrated relative to TMS (0.0 ppm). In all cases, a spectral 
width of 2.66 kHz was digitized into 16 k data points and each spectrum was 
averaged over 256 scans. A recycle delay time between each experiment was 7 s 
(giving a relaxation time greater than five times the spin-lattice relaxation).  All 
samples were observed over a period of 2-3 months until all uncondensed species 
had disappeared.  
 
The use of the DEPT sequence amplified the 
29
Si NMR signal by the 
polarisation transfer from 
1
H to 
29
Si nucleus. The spin-lattice relaxation time for 
29
Si 
was found to be 40 s using CPMG (Car-Purcell-Meiboom-Gill) sequence, whereas 
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spin-lattice relaxation time for 
1
H nuclei was 1.1 s. The DEPT sequence allows the 
use of a smaller relaxation delay since the protons are coupled to silicon. The 
performance of DEPT sequence is highly influenced by 90° pulse of 
29
Si, the 
1
H and 
the coupling constant. In case of GPS, there is always one CH2 group attached to 
silicon, so the coupling constant of          was investigated to obtain the best signal 
to noise ratio in DEPT sequence. The DEPT parameters used was a coupling 
constant of 9.6 Hz and θ = 30°, which fits with the expected coupling constant being 
between 3 and 10 Hz [183]. Thus amplification of the suppress signal, due to weak 
intensity and long relaxation delay of 
29
Si nucleus was achieved.  
 
2.1.4 Photography 
The emulsions were  photographed to document visual changes during ageing 
All films were photographed after the first layer had been cured, after the second 
layer had been cured and after electrolyte exposure during EIS experimentation (if 
EIS was performed). 
 
2.1.5 Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) is often used in the corrosion 
industry to characterise protective coatings [2, 15, 124, 184-188]. This technique 
offers the ability to gain information on the film characteristics such as film 
resistance, coating capacitance, and susceptibility to corrosion without damaging the 
film due to the low applied voltages (5-10 mV).   
 
The analysis of coatings with EIS is achieved by applying an alternating 
current (AC) to the coated substrate and reading the resultant oscillating current. The 
relationship of voltage to current in direct current (DC) systems is given by: 
 
    ,                                                  Equation 10  
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where V is the voltage, I is the current and R is the resistance. For AC 
systems the current relationship to voltage is give by: 
 
     ,                                                Equation 11 
 
where E is the potential and Z is the impedance. Z is an imaginary number. 
Therefore,  
      ,                                             Equation 12 
 
where a is the real component and    is the imaginary component 
(            ).  
 
The electrical theory for EIS is based on AC theory. If a circuit is exposed to 
an AC potential waveform, then the response generated has been perturbed by the 
circuit elements (Such as Resistors, Capacitors and Inductors). The response to a 
resistor (shown in Figure 22A and Equation 13) is a decrease in amplitude in the 
waveform without a phase shift [189]. The response to a capacitor (shown in Figure 
22B and Equation 14) is a phase shift (inductors also cause a phase shift, but will not 
be discussed as inductors are not physically possible in the systems in this 
study)[190]. All models for the coated samples examined will be combinations of 
resistors and capacitors. 
      
      
Figure 22:  AC signal response to A) a capacitor, and B) a resistor. Initial potential (E, 
black solid) and resultant current (I, blue dashed). 
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The circuit elements that affect impedance in this study are resistance, and 
capacitance. In an AC circuit the current response to a resistor is described by [190, 
191]: 
 
   ,                                                  Equation 13 
 
where R is the resistance. 
The current response to a capacitor is described by [190, 191]: 
 
  
 
   
                                                Equation 14 
 
where C is capacitance and ω is the frequency in radians (ω = 2πf). 
 
In electrochemical cells, the real component of the impedance is effected by 
any factors acting as resistors and the imaginary part is effected by any component 
acting as a capacitor. A common electrochemical circuit is shown in Figure 23, 
which contains two resistors and a capacitor [190]. In a complex electrochemical 
system more circuit elements are required to model the system. Using electrical 
circuit analogues and breaking the electrochemical cell into its electrical components 
allows a theoretical model of the system to be developed. Figure 23 is the circuit that 
describes a simplified Randles cell during analysis, where a metal interface is in 
contact with electrolyte. 
 
 
Figure 23: A simplified Randles cell. Where Rs is the solution resistance, Cdl is the capacitive 
double layer and Rp is the polarisation resistance. 
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The resultant data from EIS analysis is plotted in many different ways 
depending on what information is required. The two most common techniques used 
in analysing EIS data from films are Bode plots and Nyquist plots [190]. Bode phase 
and Bode |Z| (where the magnitude of impedance is plotted against the frequency) of 
a Randles cell, are shown in Figure 24. The Bode |Z| is in black (log frequency vs. 
log |Z|) and the Bode phase (log frequency vs. phase angle (θ)) is in red.  
 
 
Figure 24: Bode plots of a simplified Randles cell (top right corner) showing both Bode 
Phase (    red line and axis) and Bode |Z| (    black line and axis), extrapolated line through 
the linear section of the sloped region of Bode |Z|  (    blue line), and  Extrapolation of the 
linear section of high frequency region of the Bode |Z| plot (    orange line) [192]. 
 
A significant amount of information on the electrochemical cell can be 
deduced from the Bode plots. The Bode phase plot gives information on how many 
components the cell has (which are known as time constants) by the shape of the 
plot. The plot in Figure 24 clearly has one time constant. The maximum change in 
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phase angle, ω(θ max), of the Randles cell can be related to the double layer 
capacitance, Cdl, by the equation: 
 
          
 
     
    
  
  
                                  Equation 15 
 
where, Rp, is the polarisation resistance and, RΩ, is the uncompensated resistance 
(solution resistance in most cases). Capacitance for each time constant can also be 
found in the Bode |Z| by extrapolating the linear section of the plot (shown in Figure 
24 with the blue line, with a slope of negative one). The point where the extrapolated 
line intercepts the axis (where log ω=0) is related to the capacitance by the equation:  
 
        
 
   
                                          Equation 16 
 
The capacitive response in an electrochemical cell is very rarely an ideal 
capacitor with a characteristic slope of negative one in the Bode |Z| plot. In this case 
(the Nyquist plot is a depressed semicircle) pure capacitance is not part of the circuit 
and therefore cannot be calculated. To overcome this issue a constant phase element 
(CPE) is utilised. When modelling circuits with a CPE instead of a capacitor two 
values are obtained: CPE and a. The CPE is related to the capacitance of the circuit 
element being modelled and the value of a is a coefficient between 0 and 1. The 
value of a is dependent on the behaviour of the constant phase element (if it is an 
ideal capacitor, a = 1). 
 
The value of the parameter a is calculated from minus one times the slope of 
the blue line in Figure 24, which would equal one for a Randles cell . If a CPE was 
present and the slope of the line was – 0.8, then a would be 0.8 and the capacitive 
value could still be calculated allowing better modelling of real world circuits. 
 
The other circuit elements that can be easily determined by the Bode plot are 
the values for solution resistance (Rs) and polarisation resistance (Rp). These can be 
seen in the Bode |Z| where Rs is the solution resistance and can be found by 
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extrapolating the linear section of the high frequency region of the Bode |Z| plot 
(orange line in Figure 24). Rp+ Rs is found by extrapolating the linear section of the 
low frequency region of the Bode |Z| plot, therefore Rp can be found by subtracting 
RΩ from that value. The use of the Nyquist plot is another graphical means of 
determining Rs and Rp, (see Figure 25). Usually the modelling process extrapolates 
the semicircle in the Nyquist plot so the point where the semicircle crosses the real 
(Z’) axis can be determined, thus determining Rp+ Rs.  
 
 
 
Figure 25: A Nyquist plot of a Randles cell where the real component (Z’) is plotted against 
the imaginary component (Z”). 
 
 The Nyquist plot is also a visual indication of the number of time constants 
and the state of the electrochemical components. The capacitance of the time 
constant is related to the frequency at which the imaginary component of impedance 
(Z”) is at a maximum. Capacitance is related to ωmax Z” by the equation: 
 
        
 
   
                                          Equation 17 
 
where the frequency is in radians. 
 
The basic Randles cell can be easily interpreted with the use of the Nyquist 
and Bode plots, however, more time constants (additional circuit components present 
in real emulsions) in the electrochemical cell will make interpretation more difficult. 
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Therefore, modelling programs for circuit fitting are used to analyse complex 
circuits.  
 
2.1.5.1 Method 
For EIS analysis all samples were tested on a Princeton Applied Research 
potentiostat (model 273 3, FRA enabled). The electrochemical cell was a PAR 
K0235 flat cell kit that has a three electrode set up and contained 300 mL of 
electrolyte. The samples were mounted using compression, leaving 1.0 cm
2
 of 
exposed surface area as the working electrode. Platinum mesh was used as the 
counter electrode and an Ag/AgCl electrode (Radiometer Analytical, double 
junction, L = 120 mm, FX, B2C820) was the reference electrode. The electrolyte 
used was 3.5% NaCl (Aldrich, Analytical Reagent grade). The experiments were 
conducted at room temperature and the experiments were started after 30 min of 
exposure of the sample to the electrolyte for the pilot study. The exposure time of the 
sample to the  electrolyte was modified 40 min for the experiments described in 
chapter 4. All EIS experiments were conducted by imposing an AC sine wave with 
amplitude of 10 mV in the frequency range of 100 MHz to 10 mHz. The EIS 
experiment was run using VersaStudio v2.31.4958 software and exported to 
ZSimpWin
TM
 (Rev: 3.22) for modelling, or Microsoft Excel for facile analysis.  
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2.1.6 Scanning Electron Microscopy  
In Scanning Electron Microscopy (SEM) imaging, information is most often 
gained from secondary electrons (topological contrast), backscattered electrons 
(density contrast) and characteristic x-rays (elemental contrast). The best analysis 
technique is dependent on which contrast mechanisms are dominant for a given 
specimen. Figure 26 represents how the secondary and backscatter signals are 
generated: secondary electron 1 (SE1), secondary electron 2 (SE2), backscatter 1 
(BS1) and backscatter 2 (BS2). Significant changes in the signals are observed under 
different accelerating voltages. Different accelerating voltages from 500 V to 15 kV 
were used in this study as accelerating voltages can have a major effect on what is 
seen in the image. 
 A 
 
 
 
 
 
 
 B 
 
 
 
 
 
 
 
 
 
 
 
 
 C 
 
 
 
 
 
 
 
 D  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26: Methods of signal generation for A) secondary electron 1 (SE1), B) secondary 
electron 2 (SE2), C) backscatter 1 (BS1) and D) backscatter 2 (BS2). 
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The information gained on film morphology can depend on how the SEM is 
set up to capture the images. The interaction volume of the electron beam within the 
sample (shown in Figure 27) changes with the accelerating voltage, where higher 
accelerating voltages lead to deeper beam penetration and less surface-sensitive 
imaging.  
 
 
Figure 27 Schematic of interaction volume showing from where different types of 
electrons/X-rays are generated by an electron beam [193]. 
 
To understand how the different imaging parameters affect the image 
contrast, interaction volumes were simulated via the Monte Carlo method in 
CASINO v2.48 [194] to model how the electron beam was expected to interact with 
the film and substrate.  
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Figure 28: Simulated interaction volumes with different accelerating voltages on 100 nm 
and 10 nm coatings of GPS on zinc, simulation was in run Casino v2.48. The black box 
indicates the coating, the blue lines indicate the electrons that are absorbed by the sample 
and red lines are backscattered electrons. 
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The simulations shown in Figure 28 demonstrate how lower accelerating 
voltages can give more surface detail, particularly with low density materials (such 
as siloxane films) on comparatively highly backscattering substrates (such as zinc). 
Although lower accelerating voltages are beneficial for surface imaging, the high 
magnification capabilities of the instrument are compromised as the low energy 
beam is more prone to disruption from interference. 
 
In addition to interaction volume, complexities that must be considered when 
looking at layered structures include surface charging of insulating materials (such as 
siloxane films) which may cause additional contrast and image deformation [193].  
Beam damage to the film (Figure 29) may also occur as a result of surface charging. 
Often increasing accelerating voltage will worsen the effects of charging through 
raised surface potential on the non-conductive surface. However, for thin films in the 
order of 10 nm, higher energy electrons may pass through the film to the substrate 
(ground) with minimal divergence. This reduces charging and allows higher 
resolution imaging. An accelerating voltage of 500 V may not be suitable for 
imaging films with thicknesses of 100 nm (see Figure 28), because build-up of 
surface charge may increase charging as well as reduce magnification and resolvable 
detail.  
 
Figure 29: Film exhibiting beam damage (0.5% F108/4%MPTMS on zinc using 15 kV 
accelerating voltage). 
Beam 
effects 
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Simulations shown in Figure 28 have shown that a 2 kV accelerating voltage 
was the most appropriate voltage for imaging the 100 nm GPS coating as the 
interaction volume remains largely within the film, however a significant proportion 
of the non-backscattering electron beam reaches the zinc substrate where it may 
easily be conducted away to ground.  As the simulations and imaging have shown, 
10 kV accelerating voltages and higher provide little information on the film as the 
interaction volume is mostly in the zinc layer. This would provide mostly 
information on the zinc below rather that the film of interest. 
 
The simulations for the other film substances (MPTMS, VTES, F108, L35 
and SDS) were very similar to that seen in Figure 28, because of their similar density 
relative to zinc. Figure 30 shows the results of different acceleration voltages on the 
images obtained for siloxane films on zinc. The films were of VTES/L35 and 
VTES/water. These images were obtained using the secondary electron detector. The 
images in Figures 30A and B are of the same location and magnification, but imaged 
at 2 kV and 10 kV respectively. This results in large differences in contrast and 
detail. More surface detail of the film can be seen in Figure 30A imaged at 2 kV, 
whereas only a shadow of the film is visible on the zinc grain structure in Figure 
30B, imaged at 10 kV. For some films such as VTES/water, an accelerating voltage 
of 2 kV was not low enough to get more than a shadow of a film as shown in Figure 
30C. However, lowering the accelerating voltage to 1 kV, while revealing more 
surface detail as shown in Figure 30D, resulted in noticeable loss of resolution. 
Further decreases in accelerating voltage to 500 V were also tested, however greater 
beam instability made the loss of detail impractical for meaningful analysis. This 
illustrates the limits of imaging using secondary electron SEM for thin films on zinc. 
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Figure 30: A comparison of the effect of accelerating voltage on image quality using 
secondary electron imaging. A)VTES/ L35 21days old  imaged at 2 kV, B) VTES/ L35 21days 
old  imaged at 10 kV, C) VTES/water 1day old  imaged at 2 kV, and D) VTES/ water 1day 
old  imaged at 1 kV. 
 
2.1.6.1 Profile Thickness Measurements 
The thickness of the siloxane films deposited on the zinc was expected to be a 
very important parameter affecting the corrosion resistance of these coatings.  SEM 
analyses of cross sections of the coated samples were used to measure these film 
thicknesses. The cross-sections were obtained by cleaving the coated zinc sample 
under liquid nitrogen and then placing in a desiccator to warm back to room 
temperature to reduce adsorption of water. 
 
Several SEM images were acquired along the length of the cross-section of 
the sample for statistical analysis. Occasionally cross-sections were damaged during 
the cross-section preparation. For example,in some cases the film chipped off near 
A B 
C D 
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the edge of the sample. In these instances, careful observation of the surrounding 
edge morphology was needed to discriminate between the true film and artefacts 
generated from preparation of the films for imaging. All images shown reflect as 
clearly as possible an indicative section of the film being analysed. Image analysis 
was performed using ImageJ [195], with measurements taken at regular intervals 
across the film. The measurements were calibrated using the scale bar (which is 
regularly calibrated against standards) on the micrographs and the thickness 
measurements are given as the mean and standard deviations of the thickness 
measurements. 
 
2.1.6.2 Film Determination 
In some cases, the film was very thin (< 10 nm). In these cases, topological 
backscatter images and profile images of the cross sections were not sufficient to 
confirm the existence of a film, for two reasons:  
 
1. The films were too thin to be definitively classed as a film because 
edge effects in some of the profile images of bare zinc were larger 
than that of the very thin films. 
 
2. The small signal intensity from the film was less than that required for 
backscatter detection (via SE2 emission). In Figure 28, the 
backscattering signal (shown in red) generated at low accelerating 
voltages is too small to yield sufficient surface information and at 
high accelerating voltages most of the backscattered electrons are 
coming from the zinc substrate.  
 
Therefore, a facile approach was used to solve this problem, where a light 
scratch to the surface of the film before SEM measurement allowed contrast between 
the film and bare zinc substrate to be observed giving evidence that a film existed on 
the surface (however without  precise measurement of its thickness).  
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2.1.7 Atomic Force Microscopy 
Atomic force microscope (AFM) is one of the most useful techniques for 
characterising thin films, as it can image non-conductive surfaces in an ambient 
environment [196-198]. It is not just an instrument for obtaining high resolution 
images. It also provides information regarding material properties such as elasticity, 
hardness and adhesion, obtained by analysing the force-verses-distance curves [198]. 
The microscope measures the force between the sample and tip (Z-direction) as the 
sample is scanned in the X-Y directions using a piezoelectric crystal. To get a 
topographical image, the force in the Z-direction is kept constant via a feedback loop 
(Figure 31) and the voltages required to keep the force constant are converted to a 
calibrated distance. The feedback loop consists of cantilever to which the tip is 
attached, while a laser and photodiode is used to measure the deflection of the 
cantilever, resulting in Z changing as the morphology of the surface varies [196-
198]. 
 
 
Figure 31: Schematic of an AFM 
 
The forces that are exerted in contact mode (tip always in contact with the 
sample) are too large for soft samples, as they will be deformed by the tip and often 
damaged. To check this, often a scan is done over a large area containing an already 
scanned region. This gives the damage that has occurred during the first scanning 
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process. If too much damage is occurring, the force can be reduced by changing the 
voltage. If the force is still damaging the sample, tapping mode (tip is oscillated 
usually at 300 kHz, so the tip is in intermittent contact with the sample) can be used 
(this requires a different tip), however, some damage can still occur to soft samples. 
 
 In tapping mode the tip is only in contact with the sample for ~ 0.3 µs, 
reducing deformation of the soft sample [196-198]. The feedback loop works in 
much the same way as for contact mode, except the height modulation is dependent 
on the amplitude change rather than the force deflection. As the cantilever is 
vibrated, the laser light hitting the photodiode oscillates and as the tip hits the sample 
the cantilever vibration is reduced, which alters the amplitude of the oscillating laser 
light.  
 
2.1.7.1 Method 
Tapping mode was used to image all the film on zinc. The initial z-voltage 
used was -1.5 V for the siloxane film samples. The samples were scanned at 1 Hz, 
with 512 lines per scan using a JPK Nanowizard 3. The cantilevers were purchased 
from Veeco (Model RTESP phosphorous doped silicon tapping cantilevers). The 
scan data from the detector was acquired in both height and phase modes, and 
analysed using JPK data processing, (version SPM-4.2.46). 
2.2 Sample Preparation 
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2.2 Sample Preparation 
The general procedures for sample preparation are described in this section, 
however, modifications to the methods were done in this research and are identified 
in the relevant chapters. 
 
2.2.1 Mixing and Ageing of Samples 
The method of mixing the silanes systems was a vital variable in this study. 
Constant mixing was required for all silane emulsions. Hydrophobic silanes, such as 
BTESPT, took longer to mix before phase separation was no longer apparent. 
Emulsification through high sheer mixing using a Silverson L4RT with a 5/8” Micro 
tubular mixing unit was trialled, however, the sulphur in the MPTMS and BTESPT 
reacted with the brass bearings. Therefore High sheer mixing was abandoned and 
replaced with two other methods. The other methods of mixing  used in this study, 
were continuous inversion and orbital mixing, both of which are gentle mixing 
methods. All weights were measured on a Mettler Toledo balance (ML204/01, D = 
0.1 mg). 
 
2.2.1.1 Mixing Method for the Pilot Study 
The method of mixing used in the pilot study was via a sample turner shown 
in Figure 32. The turner revolved at 50 rpm. 
 
Figure 32: Constructed sample turner, the motor had various speeds and the sample turner 
could hold 128, 10 mL screw top vials. 
 
 
Motor 
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2.2.1.2 Mixing Method for Samples Discussed in Chapter 4 and Chapter 5 
The second method of mixing was via an oscillating flat bed mixer (GFL 
3017) which operated at 125 rpm in a temperature-controlled room (19 ºC -20 ºC). 
Access to each sample was available without interfering with other samples. 
Adequate mixing was obtained by using a sample volume of 40 mL in 50 mL screw 
top plastic vials, the tube lying parallel to the bed of the mixer. The reduced sample 
volume allowed excellent mixing of the emulsions. The mixing was continued at 125 
rpm throughout the period of the ageing experiments. The only time the samples 
were not mixing was when aliquots were being taken for analysis or film preparation. 
Emulsions were made for the kinetic experiments and the film morphology 
experiments. 
2.2.2 Zinc Substrate Preparation 
Two types of samples were required for film analysis. The EIS analysis 
required samples at least 2 cm × 2 cm for mounting into the electrochemical cell. The 
surface before coating would need a rough polish to avoid the risk of pitting 
corrosion effecting results, whereas the SEM and AFM samples needed to be small 
(< 1 cm) with a fine polish (< 1 µm) before coating. The SEM samples were coated 
at the same time as the EIS samples to maintain the same ageing of the emulsion. 
The oven temperatures and curing times were also the same between the AFM, EIS 
and SEM samples. The only differences between the samples were the substrate size 
(therefore, the volume of emulsion added for film formation) and finish. 
2.2.2.1 Zinc Substrate Preparation for Films to be Analysed by EIS 
 Zinc substrates (25 mm × 30 mm × 1 mm, Ajax Finechem, 99.998%) used to 
prepare films for EIS analysis were prepared by gluing the zinc substrate to a 
Perspex plastic backing (25 mm × 25 mm × 3 mm), ground flat using 800# silicon 
carbide paper under water. The polished samples were stored in isopropanol.  
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Before coating with a silane emulsion, the polished zinc was cleaned by 
sonication for five min in fresh isopropanol and repeated three times. Immediately 
prior to coating, the zinc was sonicated in new isopropanol for 40 s, which was found 
to be vital to obtain a clean surface. Once removed from the isopropanol, the 
substrate was wiped dry with lint-free Kim-wipes, rinsed with acetone three times, 
then Milli-Q water three times (dried with N2  in between each rinse). The substrate 
was then tested to check it was water break free, however if the substrate was not, 
then the cleaning was repeated from the acetone wash. Coating with the silane 
emulsion occurred within 2 min of the final clean for all samples.     
 
2.2.2.2 Zinc Substrate Preparation for Films to be Analysed by SEM or 
AFM 
The zinc surfaces for the samples used for SEM or AFM analysis were 
machine polished on a Struers Tegramin 25 using co-rotation. The polishing step 
parameters are shown in Table 3. All abrasive suspension stages used alcohol-based 
polycrystalline diamond with the Struers yellow lubricant as recommended by 
Struers for water sensitive materials. This polishing method left a mirror finish to the 
zinc surface, which was scratch-free under inspection at 500x magnification with a 
Leica DM2500 compound microscope (bright-field illumination). 
 
 
Table 3: Polishing parameters for preparation of zinc samples for SEM analysis. 
Step Abrasive Surface Lubricant 
Pressure 
(N) 
Base 
rotation 
(rpm) 
Holder 
rotation 
(rpm) 
Time 
(min) 
1 # 1200  SiC water 5 290 150 1 
2 
6 µm 
suspension 
woven 
acetate 
fibre 
Struers 
yellow 
10 180 150 10 
3 
3 µm 
suspension 
Napping 
cloth 
Struers 
yellow 
10 170 150 10 
4 
1 µm 
suspension 
Napping 
cloth 
Struers 
yellow 
10 160 150 10 
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After polishing, the zinc substrate was broken into quarters by snapping 
under liquid nitrogen and warmed to room temperature in an isopropanol/acetone 
bath.  The substrate was then rinsed in isopropanol, wrapped in lint-free wipes to 
prevent scratches and stored in new isopropanol. Final cleaning was done by 
sonication in fresh isopropanol, wiped on a new unused nap pad and sonicated again 
prior to acetone and water rinses. A nap pad was used after washing, because wiping 
with lint-free wipes scratched the polished zinc surface.  
 
2.2.3 Depositing and Curing the Films 
The clean zinc was placed in the spin coater (Laurell Technologies 
Corporation WS-650MZ-23NPP/A1/AR1), and 460 µL (less for AFM or SEM 
samples) of the silane emulsion was applied to the surface. This was and left for 1 
min followed by a spin cycle of 1500 rpm for 90 s. The coated sample was then 
placed in an oven (Contherm series 5) for 5 min at 110 C after which the sample 
was allowed to cool for 10 min. Immediately after cooling, a second coat was applied 
as before and placed in the oven at 110 C for 10 min. Once removed from the oven 
the sample was placed in a desiccator (15 min prior to EIS analysis, or until imaged 
by SEM or AFM). 
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2.3 Consumables 
Table 4: Consumables 
consumable details 
¼  μm diamond compound Kemet, 1/4KD-C2, batch: 
1 μm diamond compound Kemet, 1KD-C3, batch: 125539 
Filters for DLS PVDF Millex-HV 450 nm 
GC-MS vials Verex vial kit, 9mm, 2mL, clear w/Patch (Phenomenex) 
GC-MS vials lids PTFE/silicone, preassembled (Phenomenex) 
Kim wipes Kimtech, Science, Delicate lint free Task Wipes 
non-nap felt with magnetic backing Kemet, MER (non nap felt disc) 
pH indicator Fisherbrand, FB330033 
Silicon carbide paper 2500# Kemet, met discs (waterproof) 
Silicon carbide paper 4000# Kemet, met discs (waterproof) 
Silicon carbide paper 800# Kemet, met discs (waterproof) 
Emulsion tubes  
BD Falcon 15 mL and 50 mL, High clarity polypropylene 
conical tubes 
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2.4 Chemicals Used 
Table 5: Chemicals 
Chemical Supplier Batch number 
1,2-Bis (triethoxysilyl)-ethane (BTSE) Aldrich Chemistry MKBC5530 96% 
3-Glycidoxypropyltrimethoxysilane (GPS) 
Silquest-187, Quantum 
Chemicals Pty Ltd 
Reagent grade 
3-Mercaptopropyltrimethoxysilane 
(MPTMS) 
Aldrich Chemistry 
MKAA4675, 95% 
MKBG6487V 
Acetone Univar Analytical Reagent B/N 1208249 
Bis[3-(triethoxysilyl)propyl]tetrasulfide, 
(BTESPT) 
Aldrich Chemistry 
Lot#0001432969 
BCBL3253V 
Brij 52 Aldrich Chemistry Lot#0001384652 
Brij C10 Aldrich Chemistry MKBC8212 
Brij 58 Sigma Life Science 019K0032 
Brij O10 
  
Brij O20 Aldrich Chemistry 04915LE 
Brij S 100 Aldrich Chemistry MKBB6647 
Decaethylene glycol monododecyl ether 
(E10C12) 
Sigma Life Science 098K0679 
Dichloromethane (DCM) Lab-Scan Analytical Sciences HPLC grade 
Hexadecyltrimethylammonium bromide 
(CTAB) 
Sigma Life Science Lot#059K0041 
Igepal Ca 630 Aldrich Chemistry 72297MJ 
Instrument compressed air Coregas 4 
Isopropanol Fisher Chemicals HPLC grade 
Liquid nitrogen 
  
Milli-Q Millepore Emulsions >18.2 MΩ·cm 
Nitrogen gas Coregas 4 
Pluronic F108 Aldrich Chemistry MKBB0699 
Pluronic F68 Aldrich Chemistry MKBC6821 
Pluronic L35 Aldrich Chemistry MKBC6682 
Pluronic L61 Aldrich Chemistry MKBC7173 
Sodium 1-heptanesulfonate (SHS) Sigma-Aldrich 098k041 
Sodium chloride (NaCl) Aldrich Chemistry Lot#066K01751V 
Sodium dodecyl sulphate (SDS) Fluka Analytical Lot#0001372150 
Tetradecyltrimethylammonium bromide 
(TTAB) 
Sigma Life Science 029K0032 
Tween 20 Labchem, Ajax Chemicals 
 
Tween 80 Labchem 
 
Universal indicator Chem-Supply 
 
Universal Indicator pH (3-11) Chem-Supply 
 
Vinyltriacetoxysilane (VTAS) Aldrich Chemistry Lot:S62786 V 
Vinyltriethoxysilane (VTES) Dow Corning 
Verified by NMR as >95% 
pure 
Zinc sheet (99.998%) Ajax Finechem B/No. 1106096 
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2.5 Chemical Data 
The structure and properties of the non-ionic surfactants used in this project are 
shown in Tables 6 to 8 and Figure 33. The ionic surfactants are in Table 9 and Figure 
34. The structure and properties of the silanes used are in Table 10 and Figure 35. 
 
Table 6: Non-ionic surfactants used,( HLB= hydrophilic-lipophilic balance) 
Name and Structure   Data (Sigma) 
Igepal Ca 630 
 
HLB 13  
Molecular weight 603  
CMC 0.08 mM 
Density g/cm3 1.06 
Cloud point 63-69 
Tween 20 
 
HLB 16.7[199]  
Molecular weight 1228  
CMC 0.06 mM 
Density g/cm3 
1.095 (25 °C), 
1.11 (20°C) 
Cloud point 76 
Tween 80 
 
 
HLB 15 
Molecular weight 1310 
CMC 
13-15 mg/L 
0.012 mM 
Density g/cm3 1.06-1.07 
Cloud point 65 
Aggregation number 60 
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Table 7: AB type non-ionic surfactants used. 
Name 
EO 
units 
Terminal 
carbon 
chain 
length 
Linear formula 
HLB 
(Sigma) 
Molecular 
weight (g) 
Density 
(g/cm
3
) 
Brij 52 2 16 
C16H33(OCH2CH2)nOH, 
n≈2 
5  330  0.978 
Brij C10  10 16 
C16H33(OCH2CH2)nOH, 
n≈10   
12 683 0.977 
Brij 58 20 16 
C16H33(OCH2CH2)nOH, 
n≈20   
16 1124 1.02 
Brij O10 10 18 
C18H35(OCH2CH2)nOH, 
n≈10   
12  709  1 
Brij O20  20 18 
C18H35(OCH2CH2)nOH, 
n≈20 
15  1150  1.07 
Brij S 100 100 18 
C18H37(OCH2CH2)nOH, 
n≈100 
18  4670  1.1 
E10C12 10 12 
C12H25(OCH2CH2)nOH, 
n=10 
6.7 
(Davies 
method) 
626.86 
 Not 
specified 
 
 
 
Figure 33: Generic Pluronic structure A-B-A type surfactant 
 
 
Table 8: Pluronic surfactants tested. 
Name  Molecular 
weight   
% X  
(Figure 33) 
HLB 
(Sigma) 
Density 
(g/cm
3
) 
Cloud point CMC 
(mM) 
Pluronic F108  14600  82.5  >24  - >100 (1% in aq) Tm 60 at 
peak 
0.022 
[200] 
Pluronic F68  8400  80  >24  1.05 >100 (1% in aq) Tm 58 0.07 
[201] 
Pluronic L35  1900  50  18-23  1.06 73 (1% in aq) 5.2 
[200] 
Pluronic  L61  2000  10  3 
[202] 
1.006 (15-19) 10% in water 1.1 
[202]  
 
 
 
 
X Y
HO O
O
O OH
X
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Figure 34: Chemical structure of surfactants: A) Tetradecyltrimethylammonium bromide 
(TTAB), B) Sodium 1-heptanesulfonate (SHS), C) Hexadecyltrimethylammonium bromide 
(CTAB), and D) Sodium dodecylsulphate (SDS). 
 
 
 
Table 9: Ionic surfactants tested. 
 TTAB CTAB SHS SDS 
Structure Figure 34A Figure 34C Figure 34B Figure 34D 
Linear 
formula 
CH3(CH2)13N(Br)(CH3)3 CH3(CH2)15N(Br)(CH3)3 C7H15O3SNa CH3(CH2)11OSO3Na 
Molecular 
weight 
336.39 364.45 202.25 288.38 
CMC 3.56 mM [65] 0.92 mM [65] 
317 mM 
[203]  
7-10mM  
Aggregation 
number 
58 [65] 62[65]  12 [204] 62 
HLB  -  10 [205] (sigma) -    40 [206] 
Kraft point 17 C [65] 25 C [65] -   - 
 
  
N+
Br-
Na+
SO O
O-
N+
Br- Na
+
SO O
O
O-
A 
C D 
B 
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Figure 35: Structures of silanes: A)Vinyltriethoxysilane, B) Bis(3-
trimethoxysilylpropyl)amine, C)Vinyltriacetoxysilane, D) Bis(triethoxysilyl)ethane, E) 3-
mercaptopropyltrimethoxysilane, F) 3-Glycidoxypropyltrimethoxysilane,and G) Bis[3-
(triethoxysilyl)propyl]tetrasulfide 
 
 
Table 10: Silanes tested 
Structure Silane Acronym 
Molecular weight 
(g/mol) 
Boiling 
Point (C) 
Figure 35A Vinyltriethoxysilane VTES 190.31 160-161 
Figure 35B Bis(3-trimethoxysilylpropyl)amine BTMSPA 341.55 152 
Figure 35C Vinyltriacetoxysilane VTAS 232.26 175 
Figure 35D Bis(triethoxysilyl)ethane BTSE 354.59 119 
Figure 35E 3-mercaptopropyltrimethoxysilane MPTMS 196.34 213-215 
Figure 35F 3-Glycidoxypropyltrimethoxysilane GPS 236.34 120 
Figure 35G 
Bis[3-
(triethoxysilyl)propyl]tetrasulfide 
BTESPT 538.95 250 
A B 
C 
D 
E 
F 
G 
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3 Pilot Stability Study 
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3.1 Pilot Study Introduction 
This preliminary study was designed to survey the stabilities of aqueous 
emulsions of different surfactants and silanes. A number of experiments were 
conducted to explore factors that affect stability and how these factors affect films on 
zinc surfaces. The aim was to: 
 generate a basic understanding of the stabilities of aqueous silane/surfactant 
emulsions, 
 obtain a greater understanding of how the emulsion dynamics and stability is 
affected by surfactants,  
 generate knowledge on how the surfactants affect the final film, 
 relate the film characteristics to the different emulsion characteristics, and 
 identify emulsions that were worth further investigation.  
 
The factors tested were concentration of silane and the effect of surfactants on the 
stability of silane emulsions. 
 
3.2 Pilot Study Methods 
3.2.1 Emulsion Preparation  
3.2.1.1 Emulsion Set A (Silane/Surfactant) 
A systematic approach was taken to survey the effectiveness of the 
surfactants at stabilising emulsions of the different silanes. Two different 
concentrations of surfactants (1% and 2%) were used, because preliminary tests 
showed 2% was a good composition to use. Composition used rather than 
concentration due to the high weight difference between the large range of 
surfactants. 
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Table 11: Surfactant weights for preparation of Emulsion Set A. 
surfactants VTES (g) VTAS (g) MPTMS (g) BTESPT (g) BTSE (g) 
1% Brij 58 0.0802 0.0801 0.0829 0.0819 0.0800 
2% Brij 58 0.1604 0.1604 0.1614 0.1615 0.1599 
1% Brij C10 0.0819 0.0798 0.0807 0.0803 0.0804 
2% Brij C10 0.1612 0.1607 0.1602 0.1609 0.1599 
1% Brij O20 0.0803 0.0798 0.0812 0.0797 0.0805 
2% Brij O20 0.1619 0.1603 0.1593 0.1601 0.1602 
1% Brij O10 0.0820 0.0804 0.0800 0.0805 0.0800 
2% Brij O10 0.1624 0.1604 0.1597 0.1599 0.1599 
1% Brij 52 0.0804 0.0799 0.0803 0.0803 0.0800 
2% Brij 52 0.1598 0.0800 0.1604 0.1604 0.1598 
1% Brij S 100 0.0805 0.0810 0.0802 0.0804 0.0804 
2% Brij S 100 0.1609 0.0804 0.1595 0.1603 0.1604 
1% E10C12 0.0810 0.0809 0.0790 0.0805 0.0805 
2% E10C12 0.1611 0.1600 0.1604 0.1603 0.1606 
1% Tween 20 0.0811 0.0803 0.0811 0.0818 0.0798 
2% Tween 20 0.1623 0.1604 0.1603 0.1613 0.1605 
1% Tween 80 0.0806 0.0799 0.0808 0.0801 0.0805 
2% Tween 80 0.1611 0.1600 0.1601 0.1597 0.1599 
1% F108 0.0800 0.0809 0.0799 0.0798 0.0807 
2% F108 0.1617 0.1599 0.1608 0.1598 0.1601 
1% F86 0.0813 0.0799 0.0801 0.0809 0.0800 
2% F68 0.1599 0.1610 0.1616 0.1610 0.1600 
1% L35 0.0815 0.0815 0.0800 0.0803 0.0825 
2% L35 0.1617 0.1612 0.1613 0.1627 0.1602 
1% L61 0.0804 0.0801 0.0817 0.0812 0.0815 
2% L61 0.1609 0.1605 0.1615 0.1617 0.1602 
1% TTAB 0.0799 0.0799 0.0810 0.0809 0.0804 
2% TTAB 0.1604 0.1597 0.1611 0.1601 0.1606 
1% CTAB 0.0820 0.0804 0.0800 0.0800 0.0796 
2% CTAB 0.1590 0.1598 0.1630 0.1580 0.1606 
1% SHS 0.0830 0.0806 0.0830 0.0790 0.0798 
2% SHS 0.1610 0.1602 0.1600 0.1600 0.1602 
1% SDS 0.0790 0.0803 0.0830 0.0780 0.0804 
2% SDS 0.1680 0.1607 0.1600 0.1610 0.1600 
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The 17 surfactants (see Tables 6 to 9) were added to each of the 6 silanes (see Table 
10) at the two different surfactant concentrations. The silanes (4%) were added to the 
surfactants (1% or 2%) and made up to 8 g with deionised water.  Control samples 
were also made containing the silane with water and without surfactants (see Table 
11).  
After addition of all components, the samples were continuously mixed for a 
week using the sample inverter (described in 2.2.1.1: Mixing Method for the Pilot 
Study) The rotation was only stopped for observations during that week, after which 
the samples were measured for pH and left to stand for ageing. The samples were 
observed periodically, recording the characteristics of the emulsions until the 
samples were deemed unstable. 
 
3.2.1.2 Emulsion Set B (VTES/Mixed Surfactants) 
Mixed surfactants were tested in these experiments since an emulsion of 
surfactants was expected to give better emulsion stability [108]. The composition of 
the surfactants were based on preliminary studies. Two temperatures of mixing were 
utilised. Hot mixed samples were used to test if the emulsions would behave 
differently if they were prepared at raised temperatures.  
The cold mixed surfactants emulsions were made by mixing VTES (0.5 mL), 
two surfactants (pre-mixed, see Tables 12 and 13 for details of the composition) and 
water (made up to a total of 10 mL). The surfactants and water were mixed together 
followed by the silane. The emulsion was then shaken and allowed to stand. The 
emulsions that were prepared hot were made by heating the surfactant emulsions (see 
Table 13 for the composition) as well as the deionised water to approximately 80 °C. 
Vinyltriethoxysilane (0.5 mL, room temperature) was mixed with the hot surfactant 
emulsions (0.5 mL, hot) followed by combination with hot water (made up to 10 
mL). The samples where then shaken (without the use of the sample inverter) and 
allowed to cool. After preparation, both the hot and cold prepared samples were 
observed and agitated periodically for 500 day or whilst stable (observations were 
discontinued if the emulsion became unstable). 
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Table 12: Surfactant components for Emulsion Set B - prepared cold. 
Cold mix Nature of emulsion Surfactant 1 Surfactant 1 in emulsion (%) Surfactant 2 Surfactant 2 in emulsion (%) Total surfactant % HLB[110] 
SDS-IC-A Anionic/Non-ionic SDS 14.8 Igepal Ca 630 85.2 5.1 17.0 
SDS-IC-B Anionic/Non-ionic SDS 13.3 Igepal Ca 630 86.7 5.4 16.6 
SDS-T20-A Anionic/Non-ionic SDS 1.4 Tween 20 98.6 4.6 17.0 
SDS-T80-A Anionic/Non-ionic SDS 8.5 Tween 80 91.5 5.0 17.1 
SDS-T80-B Anionic/Non-ionic SDS 4.3 Tween 80 95.7 5.0 16.1 
CTAB-IC-A Cationic/Non-ionic CTAB 48.6 Igepal Ca 630 51.4 5.1 11.5 
CTAB-IC-B Cationic/Non-ionic CTAB 34.9 Igepal Ca 630 65.1 5.2 12.0 
CTAB-T20-A Cationic/Non-ionic CTAB 6.4 Tween 20 93.6 5.1 16.3 
CTAB-T80-A Cationic/Non-ionic CTAB 30.3 Tween 80 69.7 5.3 13.5 
CTAB-T80-B Cationic/Non-ionic CTAB 16.4 Tween 80 83.6 5.1 14.2 
T20-IC-B Non-ionic/Non-ionic Tween 20 79.7 Igepal Ca 630 20.3 5.2 16.0 
T20-T80-B Non-ionic/Non-ionic Tween 20 58.6 Tween 80 41.4 5.0 16.0 
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Table 13: Surfactant components for Emulsion Set B - prepared hot. 
Hot mix Nature of emulsion Surfactant 1 Surfactant 1 in emulsion (%) Surfactant  2 Surfactant 2 in emulsion (%) Total surf % in solution HLB [110] 
SDS-IC-A Anionic/Non-ionic SDS 14.7 Igepal Ca 630 85.3 5.0 17.0 
SDS-IC-B Anionic/Non-ionic SDS 10.9 Igepal Ca 630 89.1 5.0 15.9 
SDS-T20-A Anionic/Non-ionic SDS 1.0 Tween 20 99.0 5.0 16.9 
SDS-T80-A Anionic/Non-ionic SDS 8.0 Tween 80 92.0 5.0 17.0 
SDS-T80-B Anionic/Non-ionic SDS 4.0 Tween 80 96.0 5.0 16.0 
CTAB-IC-A Cationic/Non-ionic CTAB 48.0 Igepal Ca 630 52.0 5.0 11.6 
CTAB-IC-B Cationic/Non-ionic CTAB 36.0 Igepal Ca 630 64.0 5.0 11.9 
CTAB-T20-A Cationic/Non-ionic CTAB 5.8 Tween 20 94.2 5.0 16.3 
CTAB-T80-A Cationic/Non-ionic CTAB 31.1 Tween 80 68.9 5.0 13.5 
CTAB-T80-B Cationic/Non-ionic CTAB 16.0 Tween 80 84.0 5.0 14.2 
T20-IC-B Non-ionic/Non-ionic Tween 20 80.7 Igepal Ca 630 19.3 5.0 16.0 
T20-T80-B Non-ionic/Non-ionic Tween 20 58.9 Tween 80 41.1 5.0 16.0 
3.2 Pilot Study Methods 
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3.2.1.3 Emulsion Set C: Emulsions for Preparation of Films on Zinc 
The silanes were added to the surfactants and made up with Milli-Q water 
(weights in Table 14). The samples were then inverted on the sample turner for 1 
day, after which the samples were then left to stand. The emulsions were 
photographed periodically and were used to coat zinc substrates after 2 weeks of 
ageing. The emulsions were examined using dynamic light scattering and films were 
tested by scanning electron microscopy (SEM) and atomic force microscopy (AFM). 
Coatings were also prepared with 500 days old emulsions from Emulsion Set A.  
 
Table 14: Weights of components to prepare Emulsion Set C. 
Silane 
Silane 
(g) 
Surfactant Surfactant (g) Water (g) % Silane % Surfactant 
VTES 2.0014 - - 48.0100 4.00 0 
VTES 2.0024 F108 1.0022 47.0831 4.08 2.00 
MPTMS 2.0045 - - 48.0429 4.01 0 
MPTMS 2.0193 L35 1.0034 47.0421 4.12 2.00 
BTESPT 2.0039 - - 48.0149 4.01 0 
BTESPT 2.0000 TTAB 0.5017 47.5038 4.04 1.00 
 
3.2.2 Visual Assessment for Emulsion Sets A and B 
To reduce ambiguity and increase standardisation, a set of criteria was 
developed to class whether emulsions were stable from visual observation. The 
solution was said to be unstable if one of the major signs of instability was observed 
(for example 4 mm sedimentation) or when two or more slight signs of instability 
were seen in the emulsion tubes containing the emulsion. The major instability was 
classified as formation of either opaque flocs (or precipitates), or transparent glassy 
particles with a similar refractive index to water. The emulsions had a volume of 
10 mL and were deemed unstable if it was observed that one major sign of instability 
had formed or 2 minor signs of instability had formed (see Figure 36). 
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Figure 36: A guide to stability observations. Stable emulsions (green) Minor signs of 
instability (orange)and major signs of instability (red) 
 
3.2.3 Dynamic Light Scattering  
Dynamic light scattering measurements were conducted on Emulsion Sets A, 
B and C after approximately 500 days of ageing and Emulsion Set C were measured 
at 14 days and 27 days. Some emulsions could not be measured, because they were 
not suitable for DLS. This technique requires the absence of large particles and the 
sample be stable and remain unchanged the experiment. The DLS technique also 
needs to have a minimum level of scattering intensity. For the older emulsions only 
the emulsions that contained suitable supernatant were studied to determine 
particle/emulsion droplet size. Some of the emulsions contained large particles, 
which strongly affect the calculation of the particle size distribution. These samples 
could not be accurately sized and are marked with an asterisk in the results tables.  
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3.2.4 Electrochemical Impedance Spectroscopy 
The electrochemical impedance spectroscopy (EIS) experiments were conducted at 
room temperature with a 30 min exposure time of the sample surface to the 
electrolyte before starting the experiment. Testing was done in triplicate to measure 
the reproducibility. All EIS plots displayed are raw data and plotted with straight 
lines between data points.  
 
3.2.5 Microscopy  
SEM images were performed on films made from Emulsion Set C and 
selected emulsions from Emulsion Set A. The samples were mounted on carbon tape 
and placed in a standard holder, no additional surface treatments (e.g. chromium, 
gold or carbon) were required for the SEM imaging. The Jeol 7001F was run at a 
working distance between 10 mm and 4 mm, the accelerating voltage was between 
0.5 and 15 kV, and parameters are specified on each SEM images.  
In addition to the SEM images, atomic force microscopy (AFM) was 
performed on films made from Emulsion Set C and the corresponding films made 
from that aged emulsions in Emulsion Set A. The AFM was performed via the 
method described in Section 2.1.7: Atomic Force Microscopy on page 62.
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3.3 Pilot Study Results 
3.3.1 Ageing Observations: The Effect of Surfactant Type (Emulsion Set A) 
The observational data produced was simplified to the days of stability 
Emulsion Set A was converted into a stability heat map shown in Table 15 and the 
days of stability of Emulsion Set B are shown in Table 21.  
 
The observational data was used to determine which systems may give stable 
emulsions. As expected stability was greatly affected by the components of the 
emulsion. There are cases where silanes have a dominating effect on the emulsion 
stability, but there are also examples of the type of surfactant clearly influencing 
emulsion stability.  
 
3.3.1.1 Silane Influence on Emulsion Stabilities 
The silanes VTES, BTESPT and BTSE were immiscible with water. MPTMS 
was immiscible initially, but became miscible with water over a period of hrs and 
BTMSPA reacted with the water causing immediate condensation. The influence of 
surfactants on the silane emulsions compared to the controls of emulsions of the 
silane and water (no surfactant) as shown in Table 15.  
 
Every emulsion containing BTMSPA precipitated immediately on contact 
with the water. Similarly, all the emulsions containing BTESPT were extremely 
unstable and formed a large amount of either yellow precipitate and/or yellow 
opaque wax on the walls of the sample tube. In contrast, the emulsions containing 
BTSE were relatively stable, but most BTSE emulsions had similar mechanisms 
towards instability. A clear residue formed on the sample tube with time, but it had 
little or no precipitate. 
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Table 15: Heat map of stability of the silanes (days) with various surfactants (key at bottom 
of table).Note BTMSPA is not shown because it was unstable in all cases. 
 
 
VTES VTAS MPTMS BTESPT BTSE 
 Blank 13 79 35 10 385 
N
o
n
-i
o
n
ic
 
1% Tween 20 13 6 10 2 154 
2% Tween 20 13 6 10 2 79 
1% Tween 80 10 6 10 2 50 
2% Tween 80 10 6 10 2 79 
1% E10C12 10 6 50 2 79 
2% E10C12 10 10 24 2 79 
1% Brij 52 2 2 2 2 2 
2% Brij 52 2 2 2 2 2 
1% Brij 58 510 17 10 2 79 
2% Brij 58 13 28 17 2 79 
1% Brij O20 10 6 13 10 79 
2% Brij O20 13 17 17 2 79 
1% Brij C10 13 10 10 10 10 
2% Brij C10 10 10 13 10 10 
1% Brij O10 6 6 6 10 50 
2% Brij O10 10 10 6 10 154 
1% Brij S 100 22 10 13 2 510 
2% Brij S 100 41 10 10 2 510 
P
lu
ro
n
ic
 
1% F108 510 48 314 8 48 
2% F108 510 510 16 8 83 
1% F68 510 16 16 8 83 
2% F68 83 48 16 8 83 
1% L35 8 8 48 8 510 
2% L35 8 8 48 8 314 
1% L61 8 8 16 8 83 
2% L61 8 8 48 8 83 
Io
n
ic
 
1% TTAB 510 510 510 2 79 
2% TTAB 510 510 79 2 510 
1% CTAB 510 510 20 2 2 
2% CTAB 6 510 2 2 2 
1% SHS 35 24 13 13 510 
2% SHS 13 24 13 13 510 
1% SDS 79 510 17 10 385 
2% SDS 510 510 17 10 385 
 
K
ey
  
0-10 days stable 
 
50-100 days stable 
 
10-20 days stable 
 
100-500 days stable 
 
20-50 days stable 
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The other silane emulsions were influenced significantly by the surfactants. 
MPTMS emulsions had moderate to low stabilities across most of the surfactant 
range. Signs of instability usually included clear to opaque residue build up on the 
walls of the sample tube and/or precipitate. The emulsions of the vinyl silanes 
(VTES and VTAS) had a similar instability observations. They often contained large 
amounts of sediment and precipitate; however, the characteristics of the emulsions 
containing these silanes were strongly affected by the type of surfactant used to 
prepare the emulsion. 
 
3.3.1.2 Effect of Surfactant Class on Emulsion Stabilities. 
The surfactant class had a large effect on the stability of the emulsions. The 
emulsions containing A-B type non-ionic surfactants tended to be less stable across 
the range of silanes, with the exception of: 
 
 The MPTMS/E10C12 emulsion was stable for 50 days, which is 
reasonable for MPTMS emulsions.  
 VTES/1% Brij 58 was stable for over 500 days and it was the only A-B 
type non-ionic surfactant to stabilise VTES for over 41 days;   
  BTSE/Brij S 100 was stable for over 500 days with no residue to the 
tube.  
 
Emulsions containing Brij 52 were all classified as unstable, which was not 
unexpected since Brij 52 was not very soluble in water. In general, the A-B type non-
ionic surfactants decreased the stability of the emulsions compared to the 
silane/water controls. 
 
In general, the Pluronic (A-B-A type non-ionic) surfactants appeared to make 
emulsions more stable for longer than the other classes of surfactant. The Pluronic 
surfactants had a significant stabilising effect on the emulsions of MPTMS, some 
having better emulsion stability than MPTMS/water control. The larger Pluronic 
surfactants also gave better stability periods than the A-B type in the emulsions 
containing the vinyl functional group (VTES and VTAS), however, the stability of 
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the control emulsion of VTAS/water was greater than when Pluronic surfactants 
were added. 
 
The cationic surfactants (TTAB and CTAB) had significant effects on 
emulsion stability and in general gave silane emulsions with the best stabilities. 
Emulsions containing TTAB were generally stable with most of the emulsions 
remaining clear over 500 days, with the exception of BTESPT. This emulsion was 
not stable for more than 2 days. The emulsions containing CTAB had a transparent 
needle like precipitate form in the reaction vessel on cold days, which re-dissolved 
when the temperature increased throughout the day (due to the Kraft temperature of 
CTAB of 25C). 1% CTAB stabilised both of the vinyl silane emulsions and VTAS 
was also stable with 2 % CTAB. It is likely that the higher acidity associated with 
VTAS emulsions made CTAB more soluble at the lower temperatures.  
 
 The anionic surfactants (SHS and SDS) had a considerable effect on emulsion 
stability and was in general poorer than that observed for emulsions with cationic 
surfactants. SDS showed good stabilities for emulsions containing the vinyl silanes 
and BTSE. The sulphur containing silanes also showed some short-term stability. 
The other anionic surfactant (SHS) partially stabilised all emulsions in the short term, 
but BTSE/SHS was stable for over 500 days. SHS was the only ionic surfactant that 
was tested below its CMS (SHS has a CMC of 6.4%). 
 
3.3.1.3 How Concentration Affects the Emulsion Stability 
The emulsions had different surfactant concentrations (1% and 2 %). Table 
16 shows the results of how the concentration affected the length of the stability of 
the emulsions. It was found that although the concentration did not affect the days of 
stability for 64% of samples, the concentration of 2 % increased the stability for 15% 
of the emulsions and decreased it for 21% of the emulsions. 
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Table 16: A summary of the effect of concentration of surfactant on the days of emulsion 
stability: where 1% was compared to 2% surfactant (key at bottom of table). 
 
3.3.1.4 Emulsion pH 
 The pH values for Emulsion set A were measured after 6 days (see 
Table 17) and it was found that they have a large error since the emulsions were 
affecting the pH probe during measurement. The time taken for the pH value to 
stabilise took increasing amounts of time as each emulsion was measured. The pH 
values of all the emulsions (except BTMSPA) were in the acidic region, which 
would add to their stability. A pH value of 4 is suggested to be the best pH for 
stability, as well as increasing and maintaining silanol content [10, 48]. 
 
The pH of the BTMSPA was not recorded for all the samples due to the 
instability of the emulsions, however, the control BTMSPA/water had an initial value 
of pH 10.2. The high pH level was likely to have contributed to instability of the 
emulsions containing BTMSPA.  
 
1% surfactant VTES VTAS MPTMS BTESPT BTSE 
Tween 20 equal equal equal equal longer 
Tween 80 equal equal equal equal shorter 
E10C12 equal shorter longer equal equal 
Brij 52 equal equal equal equal equal 
Brij 58 longer shorter shorter equal equal 
Brij O20 shorter shorter shorter longer equal 
Brij C10 longer equal shorter equal equal 
Brij O10 shorter shorter equal equal shorter 
Brij S 100 shorter equal longer equal equal 
F108 equal shorter longer equal shorter 
F68 longer shorter equal equal equal 
L35 equal equal equal equal longer 
L61 equal equal shorter equal equal 
TTAB equal equal longer equal shorter 
CTAB longer equal longer equal equal 
SHS longer equal equal equal equal 
SDS shorter equal equal equal equal 
 
 
1% surfactant is more 
stable than 2%   
 1% has the same 
stability as 2%  
1% surfactant is less stable 
than 2% 
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Table 17: The pH values measured for Emulsion Set A, after 6 days of ageing. 
Surfactant VTES VTAS MPTMS BTESPT BTSE 
control 4.7 2.3 5.3 4.8 3.8 
1% Brij 58 5.8 2.3 5.5 4.7 3.9 
2% Brij 58 5.3 2.3 5.3 4.7 4.0 
1% Brij C10 6.1 2.3 5.5 4.9 4.0 
2% Brij C10 5.4 2.3 6.0 4.9 4.1 
1% Brij O20 5.3 2.2 5.1 4.0 3.9 
2% Brij O20 4.8 2.3 5.4 4.7 4.0 
1% Brij O10 5.0 2.2 5.3 3.9 3.9 
2% Brij O10 5.0 2.3 5.2 4.1 4.0 
1% Brij 52 4.8 - - - - 
2% Brij 52 4.8 2.3 5.4 4.9 4.1 
1% Brij S 100 4.1 2.3 3.9 4.2 3.7 
2% Brij S 100 3.9 2.3 3.7 3.1 3.0 
C1% 10E12 4.8 2.3 4.9 4.4 3.8 
2% E10C12 4.9 2.3 4.6 4.1 3.8 
1% Tween 20 3.6 2.2 3.6 3.7 3.5 
2% Tween 20 3.3 2.3 3.3 3.4 3.3 
1% Tween 80 5.0 2.3 4.8 4.8 3.8 
2% Tween 80 4.6 2.3 4.8 4.6 4.0 
1% TTAB 4.2 2.1 4.1 3.3 3.7 
2% TTAB 4.2 2.1 4.2 3.0  3.6 
1% CTAB 4.4 2.1 4.3 3.4 3.7 
2% CTAB 4.4 2.1 4.2 3.1 3.7 
1% SHS 4.7 2.3 5.5 4.8 4.8 
2% SHS 4.7 2.3 5.6 4.8 3.9 
1% SDS 4.9 2.5 5.5 4.9 4.1 
2% SDS 5.1 2.6 5.6 5.0 3.3 
 
 
The emulsions of VTAS had the lowest pH values ranging between 2.1 and 
2.6. The high acidity would be due to the acetoxy leaving group turning into acetic 
acid upon hydrolysis. The surfactants did have a slight effect on pH since the non-
ionic surfactants and SHS all had a pH of 2.3. The cationic surfactants had a pH 
value of 2.1 and SDS had pH values of 2.5 and 2.6. The emulsions of BTSE had a 
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pH range of 3.0 to 4.8 with most emulsions having a pH value around that of the 
control at a pH of 3.8. The other three sets of emulsions VTES, MPTMS and 
BTESPT all had pH values around 5. The different surfactants have a greater effect 
on the emulsions of BTSE, VTES, MPTMS, and BTESPT, than on the emulsions of 
VTAS. The non-ionic surfactants have changes of up to 2 pH units from the control 
emulsion (i.e. MPTMS/water was pH 5.3 and MPTMS/2% Tween 20 was pH 3.3). In 
general, the cationic surfactants tended to decrease the pH value and the anionic 
surfactants tended to increase the pH value. 
 
3.3.2 Electrochemical Results of Emulsion Set A 
A number of emulsions produced films that showed corrosion resistant 
properties. The standout film with a polarisation resistance above 10,000 Ω was the 
film produced from the emulsion MPTMS/water.  There were three films that had 
resistances between 10,000 Ω and 2000 Ω and these were produced from the 
emulsions BTESPT/TTAB, MPTMS/L35 and VTES/water. There were also 6 films 
with resistances between 2000 Ω and 1200 Ω, and 9 films with resistances between 
1200 Ω and 800 Ω. All the other films had polarisation resistances below 800 Ω. The 
EIS data for nine films with a polarisation resistance above 1200 Ω and the bare zinc 
substrate are plotted as Bode plots in Figure 37.  
 
Looking at the Bode plots of the films with resistances above 1200 Ω, it is 
apparent that below 0.2 Hz the films were beginning to deteriorate and the data was 
less reliable. This is most visible in the Bode |Z| plots in Figure 37A, the impedance 
is decreasing in the lower frequency region, which could be caused by two things. 
The polarisation resistance could be decreasing from film degradation or if inductor 
elements are present in the circuit. The latter explanation can be attributed to 
absorbed species on the working electrode, however regular control blanks showed 
that the working electrode was relatively clean. Therefore, film deterioration is the 
largest contributing factor to the reduction in the magnitude of impedance (see 
Figure 37A) in the low frequency data. Film degradation was tested further in 
Chapter 4. 
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Figure 37: A) Bode |Z|, and B) Bode Phase: plots for the top nine siloxane films: MPTMS 
water ( ), BTESPT1% TTAB ( ), MPTMS 2% L35 ( ), VTES water ( ), VTES 
2% F108 ( ), MPTMS 1% E12C10 ( ), MPTMS 2% F68 ( ), MPTMS 2% E10C12 (
), VETS 1% TTAB ( ) and blank zinc with no film ( ).  
 
Some of the films appear to have a single time constant at first, however, as 
the experiment proceeds, film deterioration affects the later time constant more due 
to the frequency dependence of EIS. Figure 38A shows the change in the Nyquist 
plot caused by changes in the coatings with time [207]. The film was deteriorating as 
the measurement was occurring, resulting in significant changes to the shapes of the 
curves as the experiment continued over time. This meant that the points measured in 
the lower frequency region were examining the behaviour of a more degraded film 
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i.e. the points at the end of the experiment were not representative of the film at the 
start of the EIS experiment. 
 
 
Figure 38: Artistic demonstration of the effect of film deterioration on Nyquist plots. Each 
colour represents a snapshot of the Nyquest plot at a different exposure time the colours 
correspond to the key in the bottom right of each Nyquist, where purple is time 0 in A and 
brown is time 0 in B. A) A representation of a Nyquist plot of a highly changing film (black 
line), the largest semicircle (purple) represents the film the start of the experiment and the 
smallest semicircle (dark blue) represents the film at end of the experiment, and B) A 
representation of three Nyquist plots of highly changing films with 2 time constants (black 
line, purple dashed line, and red dotted line), the largest double semicircle (dark brown) 
represents the film at the start of the experiment and the smallest double semicircle (blue) 
represents the film at end of the experiment [207]. 
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The data points at the end of an EIS experiment were more affected than 
those at the beginning. In a typical EIS experiment the data points at the start of the 
experiment are collected very quickly (one AC cycle takes 0.005 ms) and the data 
points at the end of the experiment are collected very slowly (one AC cycle takes 100 
s). The film at the start of the experiment represents the film at 30 min exposure to 
the electrolyte whereas the film at the end of the experiment represents a film with an 
exposure time of ≈ 45 min. Therefore, data points at high frequencies are more 
reflective of the film at the time the experiment begins than the data points collected 
in the low frequency region due to film deterioration over the 15 minute period.  
 
The experimental results and their interpretation increases in complexity 
when there are two time constants. These represent two processes which are 
occurring in the coating and the second time constant is inevitably in the lower 
frequency region. The Nyquist plot can look very different depending on the speed of 
the film deterioration and the real characteristics of the film. Figure 38B illustrates 
three Nyquist plots for deteriorating films with two time constants, showing the 
complexities involved with analysing deteriorating films.  
 
The Nyquist plots for the films prepared from the silane emulsions are shown 
in Figure 39. It is apparent that there are two time constants in the data for better 
performing films, such as MPTMS/water, BTESPT/1% TTAB, MPTMS/2% L35.  
The Bode plots in Figure 37 also show that there are two time constants present for 
these films the second one appearing at in the low frequency region between 0.1 Hz 
to 1 Hz. The lack of phase change in the Bode Phase plot and the missing rise in the 
imaginary impedance in the lower frequency data points in the Nyquist plot shows 
that the film MPTMS/1% E10C12 only had one time constant.  
 
Another interesting set of results were obtained for the film prepared from 
VTES/water. It does not behave like the other films. It showed three time constants 
in the Bode phase plot (Figure 37) and a distortion of the Nyquist plot (Figure 39) as 
a depression in the semicircle. In the Bode plots the first time constant was around 
5000 Hz and the second at 50 Hz (where there was a depression in the major peak), 
followed by the peak between 0.1 Hz to 1 Hz. This difference indicates that the 
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VTES/water film was very different to the other films and would have a different 
circuit model to the other films. The Bode |Z| of VTES/water in Figure 37 has no 
linear section, however, two partially linear sections can be seen correlating to the 
first two phase changes in the Bode (phase) plot.  
 
 
Figure 39: Nyquist plots of the nine-silane films: MPTMS/ water ( ), BTESPT/1% TTAB (
), MPTMS/ 2% L35 ( ), VTES /water ( ), VTES/ 2% F108 ( ), 
MPTMS/ 1% E10C12 ( ), MPTMS/ 2% F68 ( ), MPTMS/ 2% E10C12 ( ), VETS/ 1% 
TTAB ( ) and blank film with no film ( ). A: full Nyquist plot, and B: zoomed in 
Nyquist plot. 
 
The shape of the Nyquist plot gave information about the film deterioration. 
If the film deterioration had not been severe, the data may have been modelled by the 
circuit shown in Figure 40A. This circuit diagram is a model of the coated zinc since 
it describes both the film-zinc interface and the film-solution interface. 
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Figure 40: A) The circuit model related to a coated metal, RΩ, is the solution resistance, RP, 
is the polarisation resistance, Rfilm, is the polarisation resistance associated with the film on 
the metal, CPEfilm, is the constant phase element related to the film capacitance, CPEdl , is 
the constant phase element related to the electrical double layer between the metal and the 
electrolyte, and  B) The circuit model related to a metal surface, the model used to determine 
the polarisation resistance, RP, the solution resistances, Rs and constant phase element 
associated with the double layer, CPEdl. 
 
Unfortunately the second time constant could not be determined as it was not 
possible to model this for any of the films. All attempts to model both time constants 
lead to very poor fitting, since fitting assumes the measurement was done on a film at 
steady state (with an unchanging film). The film deterioration caused uncertainty in 
the reliability of the data in the later parts of the EIS experiment. Hence the time 
constant in the high frequency region was modelled by the circuit diagram in Figure 
40B and the data in the later parts of the EIS experiments were only used 
qualitatively. Figure 40B describes the altered interface between the solution and the 
zinc. The double layer capacitance (CPEdl), polarization resistance (RP) and the 
information about the emulsions used to construct the films with resistances above 
1200 Ω are shown in Table 18. 
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Table 18: The best film performance measured by EIS (polarisation resistance values above 1200 Ω.cm2), showing the coating emulsion, the film resistance, the 
shape of the Nyquist plot, the double layer capacitance; the emulsion particle size measured by DLS, the shape of the distribution and the polydispersity (PDI);and 
days of stability. The particle sizes (nm) were calculated by the CONTIN method, and the polydispersity was given by cumulants. 
 
Emulsion EIS DLS Observation 
Silane surfactant 
RP 
(Ω.cm
2
) 
Number of time 
constants 
CPEdl 
(μF/cm
2
) 
n 
Particle size 
(nm) 
DLS shape PDI Days stable 
MPTMS - 12 660 2  29 0.83 - 
Large dynamic emulsion 
droplets 
- 35 
BTESPT 1% TTAB 3340 2  59 0.90 51* Mostly Mono-modal 0.22 2 
MPTMS 2% L35 2430 2  97 0.72 340 Mostly Mono-modal 0.25 48 
VTES - 2230 2-3  16 & 179 
0.81 & 
0.38 
280 Mostly mono-modal 0.19 13 
VTES 2% F108 1610 2  48 0.84 52, 400 Bi-modal 0.54 >500 
MPTMS 1% E10C12 1540 1-2  208 0.78 160 Mono-modal 0.23 50 
MPTMS 2% F68 1260 2  141 0.84 90* Mostly Mono-modal 0.19 16 
MPTMS 2% E10C12 1220 2  279 0.76 8 Mono-modal 0.07 24 
VTES 1% TTAB 1200 2  190 0.71 1.5, 20, 240 Tri-modal 1 >500 
Zinc 
substrate 
- 160 1  1118 0.67 - - - - 
* Contained small amounts of large species that were unable to be characterized 
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Table 19: Expected capacitance values of different surfaces [207]. 
 
Surface type Expected capacitance (mF/cm
2
) 
Metal Interface 50-200  
Oxide, protecting, conducting 1-10  
Coating < 1  
 
The capacitances calculated from the EIS experiments indicated that the 
deposited emulsions have formed a coating on the zinc substrate, since coatings are 
synonymous with capacitances less than 1 mF (see Table 19). The blank zinc and 
some films with low polarisation resistance had capacitances values between 1 and 
10 mF indicating a protective oxide on the surface surface according to Table 19. 
The blank (bare zinc) is likely to have oxidized between cleaning and exposure to the 
electrolyte, since zinc reacts with oxygen readily to give oxide films. The measured 
polarisation resistances for Emulsion Set A (modelled by the use of the circuit model 
in Figure 40B) are shown in Table 20. The EIS results revealed a lot about the nature 
of these films. There was a large variation in the electrochemical results, however, 
only a few films had polarisation resistances above 1000 Ω.cm2. Therefore most of 
the aged emulsions did not produce films that would act as protective coatings.  
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Table 20: The film polarisation resistance values measured by EIS for coatings on zinc 
prepared from 4% silane emulsion, controls (silane/water only) and blank zinc.  
 
Emulsion Set A 
Surfactant 
VTES 
(resistance, 
Ω.cm
2
) 
VTAS 
(resistance, 
Ω.cm
2
) 
MPTMS 
(resistance, 
Ω.cm
2
) 
BTESPT 
(resistance, 
Ω.cm
2
) 
BTSE 
(resistance, 
Ω.cm
2
) 
Blank zinc 160 160 160 160 160 
Silane/water 2230 330 12660 - - 
E10C12 1 % - - 1540 - - 
E10C12 2% - 312 1220 - - 
Brij 58 1120 - - - - 
Brij S 100 1% - - - - 691 
Brij S 100 2% - - - - 593 
F108 1% 960 172 - - - 
F108 2% 1610 554 680 - - 
F68 1 % 470 - - - - 
F68 2% 380 418 1260 - - 
L35 1% - 233 - - - 
L35 2% - - 2430 - - 
L61 1% - 403 - - - 
L61 2% - - 350 - - 
TTAB 1% 1200 224 330 3341 366 
TTAB 2% - 460 390 - 520 
CTAB 1% 670 526 - - - 
CTAB 2% - 493 - - - 
SHS 1% 300 - - - - 
SHS 2% 429 982 - - - 
SDS 1% 422 418 - - - 
SDS 2% 248 356 - 699 - 
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The films with the highest film resistances are shown in Figure 41. The three 
silanes that produced films that showed some corrosion protection were VTES, 
MPTMS and BTESPT. The best films were produced by MPTMS/water, 
BTESPT/1% TTAB, MPTMS/2%L35 and VTES/water. This indicates that the 
introduction of surfactants into some systems may be detrimental to corrosions 
protection. 
 
 
Figure 41: Comparison of film polarisation resistance values of the 10 films containing 
surfactants and the control films (silane/water only), zinc (black): MPTMS (blue), VTES 
(red), BTESPT (orange), and VTAS (green). 
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3.3.3 Dynamic Light Scattering Results of Emulsion Set A 
Examples of the DLS results for Emulsion Set A are shown in Figure 42, which 
shows the distributions found for emulsions for VTES/Non-ionic surfactants. Figure 
43 shows the distributions found for emulsions of Pluronic surfactants with several 
silanes. The examples show that the silane/surfactant emulsions were incredibly 
complex and no general trends were established between either particle size and 
polarisation resistance of the coating, nor trends between particle size and stability of 
the emulsion. The DLS graphs for VTES/ionic surfactants, VTAS/non-ionic 
surfactants, VTAS/ionic surfactants, MPTMS/surfactants, BTESPT/surfactants 
BTSE/surfactants are displayed in the Section 8.1: Appendix A 
. 
 
Figure 42: Size distributions measured using DLS for emulsions containing VTES/Non-ionic 
surfactants: Brij58 (purple), F108 (red), and F68 (blue), at two surfactant concentrations 
1% (dashed) and 2% (solid). Note Brij 58 at 1 % was not stable enough for measurement by 
DLS. 
 
 
Figure 43: Size distributions measured using DLS for emulsions containing silane/Pluronic 
surfactants: VTES/F108(purple), VTAS/F108 (blue) MPTMS/F108 (red), VTES/F68 
(orange), MPTMS/F68 (green), MPTMS/L35 (grey),at two surfactant concentrations, 1% 
(dashed) and 2% ( solid). Note the 1% surfactant emulsions of MPTMS/F108,MPTMS/F68 
and MPTMS/L35 were not suitable for DLS measurement.  
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3.3.4 Mixed Surfactant Emulsions from Emulsion Set B 
The experiments on this set of emulsions aimed to test the hypothesis that 
emulsions of surfactants often give more stable emulsions than single component 
emulsions [108]. This set of tests also probed whether preparing the samples at raised 
temperatures led to more stable emulsions and/or better films .To test this, emulsions 
were prepared hot (80 °C) and at room temperature (20 °C). 
 
The effect of mixing temperature on stability of the emulsions can be seen in 
Figure 44 and in Table 21. The stability was determined as described in Section 
3.2.2:Visual Assessment for Emulsion Sets A and B on page 80. Only 2 mixed 
surfactants produced emulsions containing VTES with stabilities greater than 50 
days: 
 VTES with Igepal Ca 30 and SDS (noted as VTES with IC-SDS) 
 VTES with Tween 80 and CTAB (noted as VTES with T80-TTAB).  
 
Heating increased the stability for IC-SDS-A, but heating decreased the 
stability IC-SDS-B. The difference between these surfactant mixtures is the 
hydrophobic lipophobic balance (HLB), where IC-SDS-A had an HLB of 17 and B 
was 16. This slight compositional change affected how the emulsions responded to 
heat. Heating T80-CTAB-A during mixing increased the emulsions stability but T80-
CTAB-B had a high stability with both temperatures of mixing. 
 
 
Figure 44: The days of stability of emulsions prepared with mixed surfactants with VTES. 
Cold mixed A (green), hot mixed A (orange), cold mixed B (blue), hot mixed with B (red). 
0 
50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
D
ay
s 
o
f 
st
ab
ili
ty
 Cold 17 
Hot 17 
Cold 16 
Hot 16 
A 
A 
B 
B 
3.3Pilot Study Results  
 Kristina Eriksson-Scott Page 101 
 
The difference between these surfactant mixtures is the HLB where T80-
CTAB-A had an HLB of 13.5 and B was 14.2. These changes in stability with a 
slight change in surfactant composition shows how slight variation in the surfactants 
can have a major effect on the stability. For those emulsions with stabilities less than 
50 days, the mixing temperatures still had a large affect on stability, but are not of 
interest in this study. 
 
Table 21: Comparison of data for emulsions of silanes with mixed surfactants, the particle 
sizes were calculated by the CONTIN method, the polydispersity was given by cumulants, 
where D1 is the diameter of peak 1 and D2 is the diameter of the second peak. 
Sample Cold Hot 
  DLS EIS  DLS EIS 
 
Days 
stable 
D1 
(nm) 
PDI 
resistance 
(Ω.cm
2
) 
Days 
stable 
D1 
(nm) 
D 2 
(nm) 
PDI 
  Resistance 
(Ω.cm
2
) 
SDS-IC-A 110 60 0.089 390 230 81  0.033 520 
SDS-IC-B 235 73 0.037 1110 99 91  0.027 1030 
CTAB-T80-
A 
103 80 0.035 800 500 52  0.043 800 
CTAB-T80-
B 
500 78 0.041 780 500 52  0.055 480 
CTAB-IC-A 7    36 25 220 0.63 940 
CTAB-IC-B 1    18 62*  0.165 950 
* Contained small amounts of large species that were unable to be characterized 
 
 
The size distributions of the particles in emulsions of VTES with mixed 
surfactants were measured using DLS. The results are shown in Figure 45 and the 
peak diameters are in Table 21. It was found that all but one of the emulsions were 
monodisperse, which is in contrast to many peaks found for emulsions prepared from 
single surfactants (Figures 42 and 43). The size distributions of emulsions formed 
from silane/mixed surfactant emulsions had a much narrower size distribution in 
comparison to the emulsions prepared with single surfactants. The emulsions of 
VTES/SDS-IC and VTES/CTAB-T80 have polydispersities of less than 0.06 
(excluding VTES/SDS-IC-A mixed cold) measured by the cumulants method.  
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Figure 45: The size distribution measured using DLS of the emulsions of VTES/mixed 
surfactants. CTAB-T80-B (light blue), CTAB-T80-A (dark blue), SDS-IC-B (pink), SDS-IC-A 
(red), CTAB-IC-B (light purple), CTAB-IC-A (purple) mixed hot (solid line) or cold (dashed 
line). Note the graphs of CTAB-IC mixed cold are not shown because they were not suitable 
for measurement by DLS. 
 
The size distributions calculated for the emulsions changed based on the 
mixing temperature. Mixing the emulsions hot (instead of cold ) increased the 
emulsion droplet size by approximately 20% for the emulsions VTES with IC-SDS 
(A and B) (see Table 21). Mixing the emulsion hot also decreased the polydispersity 
of the emulsion droplet sizes from 0.089 to 0.033 for VTES with SDS-IC-A and 
0.037 to 0.027 for VTES with SDS-IC-B. In contract, mixing the emulsions hot 
decreased in emulsion droplet size by approximately 35% for the emulsions VTES 
with CTAB-T80 (A and B). Mixing the emulsions hot also increased the 
polydispersity of the emulsion droplet sizes from 0.035 to 0.043 (VTES with CTAB-
T80-A) and 0.041 to 0.055 (VTES with CTAB-T80-B).Therefore, the temperature of 
mixing the emulsions has significant influence on the emulsion behaviour, though 
this was not consistent across the range of emulsions, it was dependant on the 
surfactant mixture.  
 
Silane emulsions prepared using mixed surfactants produced films with 
polarisation resistance values that could not be predicted from the stability results 
(see Table 21 and Figure 46). The most stable emulsions were VTES with CTAB-
T80 (A and B), but these emulsions did not produce the films with the highest 
polarisation resistance values.  
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Figure 46: Polarisation resistance graph showing a comparison between films formed from 
the different emulsions of VTES prepared using mixed surfactant emulsions and the control 
emulsion (VTES/water). Zinc (    ), VTES/water (    ), emulsion A mixed hot (    ), emulsion B 
mixed hot (    ), emulsion A mixed cold (    ), emulsion A mixed cold (    ). Note the films were 
only made from the emulsion that were still stable enough for deposition and film 
production. 
   
Most of the films made by VTES with CTAB-T80 had a polarisation 
resistance of around 800 Ω.cm2. The emulsions of VTES with SDS-IC-B produced 
films that had higher polarisation resistance values, 1110 Ω.cm2 (mixed hot) and 
1030 Ω.cm2 (mixed cold). The emulsions of VTES with the SDS-IC-A emulsion 
produced films with lower polarisation resistances (around 500 Ω.cm2) at both 
mixing temperatures. This is interesting since the modality of emulsions was mixing 
temperature dependant (see Table 21). Note that none of the films prepared from 
emulsions prepared from mixed surfactants had better performance than the film 
prepared from VTES/water.  
 
All the VTES with CTAB-IC (A and B, mixed hot and mixed cold) emulsion 
showed poor stability. The supernatant of hot mixed emulsions were still suitable for 
DLS measurement and film production. Both the VTES with CTAB-IC emulsions 
that were mixed hot had a broad size distribution and produced films with around 
1000 Ω.cm2. 
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3.3.5 Investigation into the Particle Sizes of the Emulsions Containing 
MPTMS and Pluronic Surfactants 
Most of the silane/surfactant emulsions in Emulsion Set A had no relationship 
between particle size in the emulsion and corrosion resistances of the siloxane films 
except for emulsions containing MTPMS and Pluronic surfactants. The corrosion 
resistance of the films increased as the particle size in the emulsion increased for all 
the MPTMS/Pluronic Emulsions. This relationship can be seen in see Figure 47. The 
droplet sizes are also inversely proportional to the molecular weight of the Pluronic 
surfactant. However, the addition of surfactant decreased the corrosion resistance – 
the best film was an emulsion of MPTMS and water. 
 
 
Figure 47: Comparison of particle size of emulsions of MPTMS (white box with pattern) and 
polarisation resistance (solid colour): MPTMS/2% F108 (blue ■ and ), MPTMS/2% F68 
(orange■ and ), MPTMS/2% L35 (purple ■ and ), and zinc substrate (black ■). 
 
 
The size distributions (both intensity and volume) of the MPTMS emulsions 
with Pluronic surfactants are shown in Figure 47. The intensity distributions show 
that the emulsion MPTMS/2% F108 was bi-modal, but the volume distribution 
shows a mono-modal distribution. The peak size in the volume distribution was 
consistent with the smaller of the two peaks in the intensity distribution, indicating 
only a very small percentage of the emulsion was made up of particles larger than 
100 nm Therefore, the size shown in Figure 47 only relates to the smaller peak in the 
bi-modal distribution. 
0 
50 
100 
150 
200 
250 
300 
350 
0 
500 
1000 
1500 
2000 
2500 
3000 
zinc  2% F108 2% F68 2% L35 
P
ar
ti
cl
e
 s
iz
e
 
P
o
la
ri
sa
ti
o
n
 r
e
si
st
an
ce
 (
n
m
) 
3.3Pilot Study Results  
 Kristina Eriksson-Scott Page 105 
 
 
 
Figure 48: Size distribution using dynamic light scattering for emulsions of MPTMS and 
Pluronic surfactants (2% concentration). L35 (light blue ), F68 (blue ), F108 (dark blue
) are shown by both intensity (solid line ), and volume (dotted line ). 
 
 
SEM experiments were conducted to examine the films formed from 
emulsions of MPTMS. The measurements shed light on why the emulsions with 
smaller particles were producing films with lower corrosion resistance. The SEM 
images of MPTMS/2% F108 and MPTMS/2% F68 films on zinc (see Figures 49A 
and 49B, respectively) are low magnification SEM images, with a field of view 
(FOV) of 24 μm. The low magnification images show the films were fairly uniform; 
however, there were light and dark patches present. The patches could be attributed 
to different thickness, composition or density in the film.  
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MPTMS/F108 MPTMS/L35 
  
  
  
Figure 49: SEM micrographs of the following films on zinc A) MPTMS/2% F108, 10 kV, 
FOV 24 µm:  a flat looking, non-uniform, patchy film is present., B) MPTMS/2% F68, 15 kV, 
FOV 24 µm: a non-uniform film is present, the holes are from the zinc substrate, C) 
MPTMS/2% F108, 15 kV, FOV 6 µm:  a thick, flat, uniform film is visible with a large crack 
and small holes in the film,  D) MPTMS/2% F68, 15 kV, FOV 6 µm: the film appears flat but 
patchy, spherical particles are just visible and appear in both the light and dark regions, E) 
MPTMS/2% F108, 15 kV, FOV 1.2 µm: The film is made up of very small uniform particles 
(18 nm).  Porous sections are visible where the film is not continuous, and F) MPTMS/2% 
F68, 15 kV SEM, FOV 1.2 µm:  the film is made up of small particles (45 nm), in which the 
particles clearly visible in both the light and dark regions. 
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Increasing the magnifications to a FOV of 6 μm, it can be seen in Figure 49D 
that the film of MPTMS/2% F68 was made of spheres and was uniform. Both the 
light and dark patches contained spheres. The film made from the emulsions 
MPTMS/2% F108 in Figure 49C was uniform with some holes or divots and a deep 
crack. The crack would be caused by internal stresses from the curing process [125] 
and shows the film was of a reasonable thickness.  
 
Increasing the magnification further to a FOV of 1.2 μm reveals more 
structure in the films. The film of MPTMS/2% F108 in Figure 49E was made of 
spheres, non-uniform and  slightly porous. The MPTMS/2% F68 spheres in Figure 
49F were clearly defined, uniformly distributed, and larger than the 
MPTMS/2% F108 spheres.  
 
The sizes measured from the SEM images were comparable with the DLS 
data (Table 22). The film of MPTMS/2% F108 had mostly tiny particles with some 
larger particles present, which compares well with DLS data. MPTMS/2% F68 had 
moderately sized droplets that had diameters between the two particle sizes in the 
MPTMS/2% F108 emulsion.  
 
 
Table 22: Comparison of particles sizes in MPTMS/Surfactant films obtained from DLS and 
SEM. 
sample SEM diameters (nm) DLS diameters (nm) 
2% F108/MPTMS 18 ± 2.5 & 80 ± 11 16 ± 2.2 & 390 ± 110 
2% F68/MPTMS 45 ± 11 91 ± 22 
2% L35/MPTMS 64 ± 35 337 ± 88 
Water/MPTMS 168 ± 37 Not suitable for DLS 
 
The 18 nm particles make up most of the film deposited from 
MPTMS/2% F108 and these are approximately the same size measured by DLS for 
the particles in the emulsion, meaning these particles did not change in size greatly 
upon deposition and curing. However, the 390 nm diameter droplets in the emulsion 
MPTMS/2% F108 shrank to a particle diameter of 80 nm in the film. This shrinkage 
also occurred with the emulsion droplets of MPTMS/2% F68 where the 90 nm 
emulsion droplets shrank to a diameter of 45 nm in the film. These larger particles 
3.3Pilot Study Results  
 Kristina Eriksson-Scott Page 108 
 
detected using DLS may have been aggregates, but appear as separate particles using 
SEM. Another explanation is that the particles in the emulsions still contained 
unreacted silane. The degrees of hydrolysis and condensation of the silane emulsions 
could not be studied by DLS or SEM, but was investigated using a variety of NMR 
techniques described in Chapter 5.  
 
The SEM images of films deposited from the emulsions MPTMS/2% L35 
and MPTMS/water are shown in Figure 50, and were quite different to the films 
deposited from MPTMS/2% F108 and MPTMS/2% F68. The films made from 
MPTMS/2% L35 and MPTMS/water were not detected at 15 kV, only isolated 
particles were seen on the surface of the zinc. Table 22 shows the comparison of 
particle sizes measured for the MPTMS/2% L35 emulsion. There was a considerable 
difference between the SEM and DLS data measured for the MPTMS/2% L35 
emulsion. The DLS data for MPTMS/2% L35 showed there were large particles with 
a diameter of 337 ± 88 nm, where as the diameter measured by SEM was 64 ± 32 
nm, which was smaller but has a similar peak width. The emulsion droplets of 
MPTMS/2% L35 could be still mainly silanols and/or silanes with little condensation 
to produce particles.  These emulsion droplets may then be coating the zinc in a thin 
continuous layer onto the zinc surface during the film formation process. The smaller 
particles seen in the SEM may have been in the emulsion, but not seen with DLS due 
to intensity weighting towards bigger molecules skewing results [174, 177] 
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MPTMS/L35 MPTMS/water 
  
  
  
Figure 50: SEM micrographs of films on zinc prepared from A) MPTMS/2% L35, 15 kV, 
FOV 24µm: no film observed, grain structure of the zinc substrate visible. B) MPTMS/water, 
15 kV, FOV 24 µm: particles were seen on top of the zinc substrate, no film is observed, C) 
MPTMS/2% L35, 15kV, FOV 6 µm: Particles were visible on what could be a film. The 
particles have a very large size distribution ranging from 35 nm to 320 nm, D) 
MPTMS/water, 1V TTL FOV 6 µm:  The rough film structure visible fills in the scratches 
that were in the zinc substrate. The large particles do not appear to be part of the film,  E) 
MPTMS/2% L35, 15 kV  FOV 1.2 µm: A small number of particles were present on top of a 
blotchy film and  F) MPTMS/water, 15kV SEM, FOV 1.2 µm: 2 small particle were visible 
on top of a blotch film, where the blotchiness appears to follow the scratch in the substrate. 
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Increasing the magnification from a FOV of 24 μm to a FOV of 6 μm (see 
Figure 50C) does not confirm the presence of a film. It is observed that the film of 
MPTMS/2% L35 has darker sections that do not correlate to the underlying zinc 
structure. This could be attributed to a film. Figure 50C also has spherical particles 
present on the surface that have a large polydispersity ranging from 10 nm to 320 nm 
in diameter.  
 
The films deposited from MPTMS/2% L35 and MPTMS/water are visible in 
Figure 50E and Figure 50F where the magnification was increased from a FOV of 6 
μm to a FOV of 1.2 μm. The films were blotchy with spherical particles on the 
surface and both the films appear to have coated the scratches in the zinc substrate. 
This can be classified as a film since the blank zinc substrate does not have this 
blotchy appearance at this magnification. It was likely that there was a very thin 
uniform film present on the zinc deposited from these emulsions.   
 
The films deposited from the emulsions of MPTMS/2% F108 and 
MPTMS/2% F68 emulsions were easily detected using SEM at 15 kV. The 
emulsions of MPTMS/2% F108 and MPTMS/2% F68 appear to remain intact upon 
deposition and curing. In contrast the films produced from the emulsions 
MPTMS/2% L35 and MPTMS/water had little to no structure. The lack of visible 
structure in the films of MPTMS/2% L35 and MPTMS/water contributes to the high 
polarisation resistance, because the films coat the zinc uniformly (giving no visible 
film via SEM analysis).  By coating the zinc uniformly electrolyte cannot reach the 
zinc to react and corrode the zinc. In contrast, spherical particles making up the 
entirety of the film (e.g. the films of MPTMS/2% F108 and MPTMS/2% F68) 
created pores from the packing of the spheres on the surface. Any imperfections in 
packing would give access for the electrolyte to migrate through the film and reach 
the zinc surface leading to a lower polarisation resistance.  
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3.3.5.1 The Films of MPTMS/water and MPTMS/L35 After Exposure to EIS 
The films produced by MPTMS/water and MPTMS/2% L35 had better film 
resistance values than the other MPTMS films. Visual inspection of the films 
appeared to be unaffected by the EIS analysis. The films were imaged after the EIS 
analysis to determine the effect (if any) the EIS analysis had. For comparison, Figure 
52 shows an SEM image of the surface of zinc with no applied coating after EIS 
analysis.  
 
Figure 51: SEM micrograph of bare zinc after EIS testing. The SEM accelerating voltage 
was 20 kV and the working distance was 10 mm. The exposed surface is covered completely 
by the corrosion products and none of the underlying zinc structure can be seen, the contrast 
differences are likely to be from the uneven surface structure or density of the corrosion 
products. 
 
Uncoated zinc corrodes readily in the presence of the 0.6 M NaCl electrolyte 
during EIS analysis.  Figure 51 shows the copious amounts of corrosion products 
covering the surface of the substrate as a result of EIS analysis. In contrast, the zinc 
protected by the films MPTMS/2% L35 and MPTMS/water has not corroded (see 
Figure 52), however the film was affected by the exposure to the electrolyte. 
 
The SEM images of the films showed that the films have been greatly 
affected by the exposure to the electrolyte during the electrochemical analysis and 
damage to the film has also occurred outside the exposed area as well, likely due to 
the electrolyte or water diffusing through the film (labelled as exposed or not 
exposed in Figure 52). 
 
 
10 µm 
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Figure 52: SEM micrographs of film on zinc after EIS testing: A) MPTMS/water exposed 
surface, 1kV TTL, FOV 120 µm, light and dark patches that appear to be different film 
densities. There were also particles on the surface. B) MPTMS/L35 not exposed surface, 3 
kV SEM FOV 120 µm: a surface with dark patches covering the surface some particles were 
just visible. C) MPTMS/water exposed surface, 1 kV TTL, FOV 24 µm: medium 
polydispersity large particles were seen on top of a carpet like film. D) MPTMS/L35 exposed 
surface, 3 kV SEM FOV 120 µm: a surface with dark patches covering the surface some 
particles were just visible. E) MPTMS/water exposed surface, 1V TTL FOV 6 µm:  The 
rough film structure that visibly fills in the scratches that were in the zinc substrate. The 
large particles do not appear to be part of the film. F) MPTMS/L35 exposed surface, 3 KV 
SEM FOV 24 µm: a porous looking film uniformly covering the substrate, with a crystal of 
corrosion product in the bottom right corner. 
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The film of MPTMS/water in Figure 52A has two sections one darker and 
one lighter, in the lighter section the film was less apparent. Under higher 
magnification the darker section shown in Figure 52C (FOV 24 µm) appears thicker 
and carpet like. Magnifying further to a FOV of 6 µm in Figure 52E, the carpet like 
structure of the film was clearly visible and the larger particles appear to be on top of 
the film. The images of MPTMS/water indicate that this film was swelling when 
exposed to the electrolyte, but no pores were being created by EIS analysis. 
 
The film of MPTMS/2% L35 was more affected by the exposure to the 
electrolyte than the film of MPTMS/water. Figures 52 B and D show a polka doted 
surface with a rough discontinuous surface underneath. The exposed surface in 
Figure 52D has larger black sections than the unexposed surface Figure 52B, 
showing the zinc was more affected by direct exposure to the surface. Magnifying 
the exposed site to a FOV of 12 µm (Figure 52F) shows that these black dots appear  
porous and have crystals protruding through the surface.  
 
3.4 Emulsion Set C vs. Aged Emulsions 
This set of emulsions was made to allow further investigation of the higher 
performing systems from Emulsion Set A. These were MPTMS/water, MPTMS/L35, 
VTES/water, VTES/F108 and BTESPT/TTAB. In addition, BTESPT/water was also 
prepared for consistency. The comparisons cover the particle distribution given by 
DLS and the film morphology imaged by SEM and AFM. 
 
3.4.1 Dynamic Light Scattering of Emulsion Set C and Related Emulsions 
form Emulsion Set A 
The systems in Emulsion Set C were tested by DLS at 14 days and 27 days 
and compared with the DLS data produced from Emulsion Set A. This was to 
examine how emulsion ageing affects the size of the emulsion droplets. The effect of 
filtering the samples on the sizes of the particles in the emulsion was also examined. 
The filter had a pore size of 450 nm and was hand driven by syringe  
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3.4.1.1 VTES 
The emulsions VTES/water and VTES/F108 were measured by DLS and the 
results are shown in Figure 53 and Table 23. DLS measurements showed that the 
emulsion VTES/water aged differently to the emulsion VTES/F108. The emulsion 
droplet diameter was smaller for the emulsion containing the surfactant and the 
droplet diameter decreased in size with ageing. The particle diameter of the emulsion 
VTES/F108 decreased from 97 nm at 14 days to 64 nm at 27 days, further decreasing 
to 38 nm at 500 days (sizes by volume distribution). The emulsion droplet diameters 
in VTES/water were larger with a wider size distribution starting at 180 nm in 
diameter after 7 days and increased in size to 410 nm after 27 days.  
 
Filtering removed the large particles from the emulsion as shown by the solid 
green line in comparison to the solid purple line. The result was a slightly smaller 
average particle diameter of 90 nm compared with 97 nm in the unfiltered sample. 
This change could be due to a change in the emulsion caused by the filter, but it was 
also likely to be a change in data fitting since the larger particles were no longer 
affecting the scattering signal. The size data for the different distributions (Intensity, 
Volume, and Number) are shown in Table 23. 
 
 
 
Figure 53:The volume distribution of VTES/water (black ─), VTES/2% F108 (purple ─) and 
filtered VTES/2% F108 (green ─) at 14 (solid) days, 27(dashed---) days of ageing, and 500 
days( long dash -  -  -), measured by DLS. 
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Table 23: Size results from DLS measurements of VTES emulsions fitted by CONTIN. where 
the size is the diameter, the percentage of the area of each peak (for each size) in the system 
is % and the width of the peak is the width. 
Sample 
D
ay
s 
P
e
ak
 Intensity  Volume  Number  
Size 
(nm) 
% 
Width 
(nm) 
Size 
(nm) 
% 
Width 
(nm) 
Size 
(nm) 
% 
Width 
(nm) 
VTES/water 14 1 190 100 81 179 100 97 99 100 46 
VTES/water 27 1 340 100 150 410 100 190 210 100 110 
VTES/F108 14 
1 110 98 30 97 95 31 80 100 21 
2 5200 2 480 5200 5 730 
   
VTES/F108  14* 1 110 100 36 90 100 33 70 100 20 
VTES/F108 27 
1 84 96 30 64 96 23 50 100 14 
2 4500 4 900 4500 4 1100 
   
VTES/F108 500 
1 52 45 20 38 90 13 30 100 8 
2 400 55 198 518 10 255 
   
* Sample has been filtered 
 
 
3.4.1.2 MPTMS 
The emulsions of MPTMS/water and MPTMS/L35 were measured by DLS. 
The emulsions were not suitable for measurement by the technique, because either 
the correlogram contained waves in the plots (which is bad for DLS measurement) or 
the signal strength was very low. The results obtained are shown in Figure 54 and 
Table 24. Filtration was necessary for analysis MPTMS/water samples, because no 
signal was obtained with the unfiltered sample. The small particle size obtained for 
the filtered MPTMS/water was between 0.7 and 2 nm which is approximately 1 to 2 
MPTMS molecules in length (based on an approximate length of 0.8 nm for MPTMS 
(chem3D Ultra)).  
 
The ageing of MPTMS/water shows that ageing has had little effect on the 
size of the particles. The particles in the MPTMS/L35 samples had a slightly larger 
size than the MPTMS without surfactant. The unfiltered MPTMS/L35 showed no 
difference in size for 7 and 14 day aged samples with the majority of the emulsion 
droplets at 2.5 nm (volume distribution), however ageing for 500 days led to an 
increase in particle size to 426 nm. 
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Figure 54: The volume distribution of MPTMS/water (black ─), MPTMS/2% L35 (purple ─) 
and filtered MPTMS/2% L35 (green ─) at 14 (solid) days, 27(dashed---) days of ageing, and 
500 days (long dash -  -  -), measured by DLS. 
 
 
Table 24: Size results from DLS measurements of MPTMS emulsions, fitted by CONTIN, 
where the size is the diameter, the percentage of the area of each peak (for each size) in the 
system is % and the width of the peak is the width. 
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Sample 
D
ay
s 
P
e
ak
 Intensity  Volume  Number  
Size 
(nm) 
% 
Width 
(nm) 
Size 
(nm) 
% 
Width 
(nm) 
Size 
(nm) 
% 
Width 
(nm) 
MPTMS/water 
14 
* 
1 2 93 1.6 1 100 0.5 0.7 100 0.2 
2 2300 7 1400 
      
MPTMS/water 27 
1 570 80 140 0.9 100 1.8 0.8 100 0.16 
2 0.9 20 1.8 
      
MPTMS/L35 14 
1 530 55 135 2.5 100 0.5 2.3 100 0.4 
2 2.6 35 0.4 
      
3 176 10 13 
      
MPTMS/L35 
 
14 
* 
1 3.8 55 0.9425 2.4 100 0.7 2 100 0.5 
2 890 45 392.8 
      
MPTMS/L35 27 
1 3 60 0.5 2.5 100 0.5 2.3 100 0.4 
2 1000 25 155 
      
3 570 15 72 
      
MPTMS/L35 
 
27 
* 
1 3.4 97 1.7 1.9 100 0.9 1.4 100 0.5 
2 3300 3 1300 
      
MPTMS/L35 500 1 337 100 177 426 100 236 172 100 99 
*  Sample has been filtered, note all emulsions had bad correlogram or fitting problems 
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3.4.1.3 BTESPT 
It was clear from the DLS results shown in Figure 55 and Table 25 that the 
surfactants have decreased the size of the emulsion droplets dramatically from 
around 200 nm to around 10 nm. Three weeks of ageing of the emulsion 
BTESPT/TTAB did not appear to change the particle size significantly with the 
majority of the particles around 11 nm (volume distribution). However, there was 
evidence that some smaller particles formed around 5 nm at 27 days. Further ageing 
to 500 days increased the size of the droplet distribution to 29 nm (volume 
distribution). Filtering had little effect on the size of the particles in the emulsion 
BTESPT/TTAB, which has droplets under the pore size of the filter (450 nm).  
 
There was no correlation between size of the particles and ageing in the 
BTESPT/water emulsions since the particles increased in size between 3 and 14 days 
and then decreased in size between 14 and 27 days. The filter significantly changed 
the size distribution of BTESPT/water at 14 day old since it removed all the particles 
that were larger than the 450 µm pore diameter, as seen in Figure 55. 
 
 
Figure 55: The volume distribution of BTESPT/water (black ─), filtered BTESPT/water 
(grey ─), BTESPT/1% TTAB (purple ─) and filtered BTESPT/1% TTAB (green ─) at 3 days 
(dotted···· ), 14 (solid) days, 27(dashed ---) days of ageing, and 500 days (long dash -  -  -), 
measured by DLS. 
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Table 25: Size results from DLS measurements of BTESPT emulsions fitted by CONTIN, 
where the size is the diameter, the percentage of the area of each peak (for each size) in the 
system is % and the width of the peak is the width. 
 
 
 
3.4.2 Photographic Observations of Emulsion Set C 
Photographs were taken of emulsions to visually assess the changes with 
time.  The emulsion VTES/water was very different to the emulsion VTES/F108 (see 
Figure 56). The VTES/water emulsion was clear and remained so when the emulsion 
was not disturbed, building residue on the container and sediment over time. 
Whereas the emulsion VTES/F108 was cloudy up to 7 days of age during which 
creaming has occurred. VTES/F108 has some sediment like the emulsion of 
VTES/water, but VTES/F108 did not have any residue build up. VTES/F108 has 
creaming in the first 2 weeks after which it did become transparent, gaining a small 
amount of sediment over time. 
 
 
Sample 
D
ay
s 
P
e
ak
 Intensity  Volume  Number  
Size 
(nm) 
% 
Width 
(nm) 
Size 
(nm) 
% 
Width 
(nm) 
Size 
(nm) 
% 
Width 
(nm) 
4% BTESPT/water 3 
1 215 99.7 80 220 99 100 140 100 55 
2 5000 0.3 600 5000 1 800 
   
4% BTESPT/water 
** 
14 
1 357 99.2 224 489 97.8 320 133 100 85 
2 4708 0.8 790 4690 2.2 900 
   
4% BTESPT/water 
14
* 
1 190 100 70 185 100 84 120 100 45 
4% BTESPT/water 27 1 170 100 73 150 100 80 82 100 34 
4% BTESPT/1% 
TTAB ** 
14 
1 380 64 130 430 2 150 10 100 2 
2 130 30 35 12 1 36 
   
3 12 6 2 100 97 2 
   
4% BTESPT/1% 
TTAB 
14
* 
1 180 88 67 175 1 80 10 100 2 
2 12 12 3 11 99 2.5 
   
4% BTESPT/1% 
TTAB 
27 
1 180 80 770 160 1 80 10 88 3 
2 14 20 4 11 99 3 5 12 0.6 
4% BTESPT/1% 
TTAB 
50
0 
1 51 98 26 29 99.6 13 22 100 6.5 
2 3800 2 1200 2100 0.1 430 
   
3 
   
4200 0.2 1000 
   
* Sample has been filtered, **Bad DLS measurement or fitting 
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The behaviour of emulsion MPTMS/water over time was very similar to that 
MPTMS/L35 (see Figure 57), but the changes in MPTMS/L35 were faster. For 
example, both emulsions were initially cloudy and cleared over time, but the 
emulsion MPTMS/L35 initially had a higher opacity and cleared faster (between day 
2 and day 7) than MPTMS/water. The latter cleared between day 13 and day 34. The 
residue build up on the container of the emulsion MPTMS/L35 was faster and more 
opaque than that of the emulsions MPTMS/water. The sediment formed in both of 
these emulsions was also faster in the emulsion MPTMS/L35. 
 
In the emulsion VTES/water, sediment starts to form between 2 and 7 days, 
and was clearly visible at day 7. At day 7 the emulsion was cloudy at the bottom and 
clear at the top, showing that the emulsion was still in the process of further 
sedimentation. The sediment stopped increasing in volume at or before 34 days of 
age. The sediment compacts over time and completely stays at the bottom of the tube 
between 69 and 93 days of ageing, since the emulsion VTES/water was clear in 
Figure 56 at 93 days. After inverting the emulsion the emulsion remained clear, 
because the sediment adhered to the container. The other observational trend was the 
presence of residue on the container at day 34, which increases slightly in thickness 
as ageing proceeds. 
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Figure 56: Photographs of ageing of the emulsions, VTES/water and VTES/F108, from 1 day to 150 days of age. 
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Figure 57: Photographs of ageing of the emulsions, MPTMS/water and MPTMS/L35, from 1 day to 150 days of age. 
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Figure 58: Photographs of ageing of the emulsions, BTESP/water and BTESPT/TTAB, from 1 day to 150 days of age. 
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The emulsions, BTESPT/water and BTESPT/TTAB, had very different 
behaviour with time (see Figure 58). The emulsion BTESPT/water was opaque, had 
waxy residue on the container, and contained significant sediment. Whereas the 
emulsion BTESPT/TTAB became clear after 2 days due to layer separation and did 
not change significantly thereafter. The emulsion BTESPT/water after 1 day was 
opaque and the emulsion did not separate. Instead a waxy residue formed on the 
surface of the container and sediment was evident. The emulsion of BTESPT/TTAB 
separated quickly within 2 days and formed three layers. The first layer was yellow 
oil at the bottom (similar in appearance to BTESPT), a creamy opaque layer in the 
middle, and then a clear emulsion above that.  
 
The lack of separation in the emulsion BTESPT/water indicated that the 
silane molecules of BTESPT hydrolysed or form self-micelles to increase the 
compatibility of the BTESPT molecule with water. Since the rate of hydrolysis of 
BTESPT in water was slow (discussed in chapter 5), the BTESPT molecules were 
likely to be forming self micelles. The emulsion BTESPT/TTAB was found to be too 
slow to measure on the 3-week timescale tested, indicating the hydrolysis of the 
BTESPT/TTAB had a slow hydrolysis rate. 
 
Layer separation occurs readily in the emulsion containing VTES or 
BTESPT. This indicated the need for continuous mixing in future tests, since 
emulsions that separate have a smaller interface between water and the silanes, 
reducing the reaction rate. Continuous agitation was employed in the later kinetic 
tests to ensure all emulsions had similar reaction conditions. 
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3.4.3 Atomic Force Microscopy and Scanning Electron Microscopy Images 
of Films 
Atomic force microscopy was used to examine the surfaces of several films 
on zinc. SEM micrographs were also recorded to give complementary information 
about these films. The AFM measurements of the zinc substrate showed that the 
surface of the zinc was still quite rough (see Figure 59). Scratches in the surface were 
seen by both AFM and SEM and the grain boundaries were clearly visible in the 
SEM.  
 
 
  
 
 
Figure 59: AFM and SEM measurements on zinc A) AFM of blank zinc 10 um scan area, 
B)Magnification of region A showing a 1 μm scan area, C) height measurement of a cross-
section of the image in figure B, and D) an SEM of bare zinc with a FOV of 24 μm. 
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3.4.3.1 Images of Films Prepared From Ageing VTES/Water Emulsions. 
After 2 weeks of ageing the VTES/water emulsion was used to produce a film 
on zinc. Both the AFM and SEM imaging of this surface (see Figure 60) did not 
reveal any evidence of formation of a film- it appeared to be zinc substrate. This 
indicated that there was either no film or the film was very thin and followed the 
contours of the zinc surface. However, the EIS results in Table 18 showed an effect 
due to a film, therefore there would be a very thin film present. 
 
  
 
 
Figure 60: The AFM and SEM analysis of the film produced by VTES/water after 2 weeks of 
ageing. A) AFM at 10 μm, B) magnification of region A (1 μm), C) Height measurement of A, 
and D) SEM image at an FOV of 480 μm.  
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The AFM and SEM images of a film prepared with a VTES/water emulsion 
that was 500 days of age is shown in Figure 61. The film was uniformly coating the 
zinc substrate (the resistance value of 2230 Ω.cm2 shows there was a film present on 
the zinc). Therefore, the images did not show any film features. Ageing the emulsion 
did not visually change the films produced by VTES/water.  
 
  
Figure 61: The AFM and SEM analysis of the film produced by VTES/water after 500 days 
of ageing. A) AFM at 10 μm scan area and B) SEM image at an FOV of 24 μm. 
 
3.4.3.2 Images of Films Prepared From Ageing VTES /F108 Emulsions. 
AFM and SEM were used to examine a film prepared from the emulsion 
VTES/F108 at 2 weeks of age. The resultant images are shown in Figure 62. The size 
of the features (Figure 62A) in the AFM image were 1.4 ± 0.3 µm and appear to be 
aggregates of smaller particles, but the particle sizes measured by SEM were 288 ± 
108 nm and 28 ± 2.9 nm, (see Figures 62 B and E, respectively). The AFM image 
(Figure 62A) is similar to the SEM image (Figure 62E), and confirmed that this film 
was composed of a layer of particles on the zinc surface.  
 
The size of the spheres in Figure 62E were similar to that seen in the film 
deposited from MPTMS/F108 after 500 days of ageing (see Figure 49), however the 
particles were smaller (18 ± 2.5 nm) in the film produced by MPTMS/F108 at 500 
days. The other thing to note is that the particles that were bright in Figure 62B when 
imaged at 3 kV were barely visible in Figure 62D when imaged at 15 kV.  
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3.4 Emulsion Set C vs. Aged Emulsions 
 Kristina Eriksson-Scott Page 127 
 
  
 
  
Figure 62: The analysis of the film produced by VTES/F108 after 2 weeks of ageing,  A) 
AFM at 10 μm, B) SEM image at an FOV of 24 μm, C) Height measurement of A, D) SEM 
image at an FOV of 2.4 μm , E) SEM image at an FOV of 1.2 μm. 
 
The AFM images of the film produced by VTES/F108 at 500 days were very 
different to that produced at 2 weeks. The AFM and SEM analyses, shown in Figure 
63, show a rough surface in the images from AFM (Figures 63A and B), but a 
featureless film in the images generated by SEM (Figures 63C and D). These images 
have a similar appearance to Figure 62B without the particles. The fact that there 
were particles at 2 weeks, but not at 500 days would suggest that the particles grew 
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in the first 2 weeks and sedimented out by the time the older sample was deposited as 
a film. 
 
 
  
  
Figure 63: The analysis of the film produced by VTES/F108 after 500 days of ageing. A) 
AFM at 10 μm, B) magnified area from A (1 μm), C) SEM image at an FOV of 120 μm, and 
D) SEM image at an FOV of 24 μm. 
 
3.4.3.3 Images of Films Prepared From Ageing MPTMS/Water Emulsions. 
The AFM imaging showed that the film produced by MPTMS/water at 2 
weeks was an inconsistent coating of various thickness across the surface (see Figure 
64). More surface detail could be observed in the AFM images than the SEM. The 
film seemed to be composed of very small particles, however this did not correlate 
with the DLS data where only very small particles about 1 nm in diameter were 
detected (see Table 24).  
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Figure 64: The analysis of the film produced by MPTMS/water after 2 weeks of ageing. A) 
AFM 10 μm scan area, B) magnified rejoin from A (1 μm), C) Height measurement of B, D) 
SEM image of FOV 2.4 mm, and E) magnification of region D to FOV of 60 μm. 
 
When the MPTMS/water emulsion had a longer ageing time of 500 days, the 
film prepared from this emulsion contained spherical particles in both the underlying 
film structure (shown by Figure 65A and B) and large particle in the film (shown by 
Figure 65D, E, and F). These particles were in the range of 57 ± 10 nm in diameter 
measured from AFM and 260 ± 34 nm in diameter measured from SEM. It is 
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possible that the small particles that were apparent in the AFM images have a low 
contrast ratio with the zinc substrate making them difficult to see via SEM analysis.  
 
  
 
 
  
Figure 65: The analysis of the film produced by MPTMS/water after 500 days of ageing, 
A)AFM (10 μm), B)AFM (1 μm), C) height measurement of the segment in B, D) SEM with a 
FOV 240 μm showing a section of film containing particles, E) an SEM with a FOV 24 μm 
showing potentially thicker film in the areas around the particles, and F) an SEM with a 
FOV 12 μm showing that the section of film contained particles and the region that did not 
contain particles did not appear to have film present. 
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3.4.3.4 Images of Films Prepared From Ageing MPTMS/ 2% L35 
Emulsions. 
The AFM and SEM images of the films produced from MPTMS/L35 at 2 
weeks (see Figure 66) show similar features to the films produced by MPTMS/water 
at 500 days old (see Figure 65). The film contains large particles of 198 ± 47 nm 
measured by AFM and 396 ± 62 nm measured by SEM. The packing of the spherical 
particles was non-continuous, but there may be a thin film coating the zinc, 
obscuring the polishing scratches in the zinc seen in both images. There was an even 
distribution of particles on the film and according to the SEM image in Figure 66B, 
there was a higher density of film surrounding the distributed particles. 
 
  
 
Figure 66: The analysis of the film produced by MPTMS/L35after 2 weeks of ageing, A) 
AFM (10 μm), B) SEM FOV 6 μm, and C) height measurement of the segment in A. 
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The MPTMS/L35 emulsion after ageing for 500 days produced a film that 
was too soft for AFM measurement under tapping mode. The SEM images obtained 
are shown in Figure 67 and the film has many apparent defects. The defects had 
raised features which can be seen in Figures 67 B and C. The image in Figure 67D 
was of the area between the features and contains many small particles with some big 
particles.  
 
  
  
Figure 67: SEM images of MPTMS/L35 after 500 days of ageing, A) FOV 250 μm B) FOV 
120 μm C) FOV 12 μm and D) FOV 24 μm. 
 
3.4.3.5 Images of Films Prepared From Ageing BTESPT/Water Emulsions. 
The film produced by BTESPT/water at 2 weeks contained many particles 
and was very rough as shown by the AFM images in Figure 68A and B. The film 
seems to have variable thickness and covered the surface. The SEM images show 
two different locations, one shown in Figure 68D is seemingly flat with particles and 
the other, shown in Figure 68E appears rough as seen in the AFM images. The 
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particles in Figure 68D were 441 ± 187 nm in diameter, which are in agreement with 
the DLS data of the unfiltered emulsion Table 25. 
 
  
 
  
Figure 68: The analysis of the film produced by BTESPT/water after 2 weeks of ageing A) 
AFM at 10 μm, B) AFM at 2 μm C) Height measurement of A, D) SEM image at an FOV of 
60 μm and E) SEM image at an FOV of 120 μm. 
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3.4.3.6 Images of Films Prepared From Ageing BTESPT/2% TTAB 
Emulsions. 
The emulsion of BTESPT/TTAB prepared after 2 weeks of ageing do not 
have a significant amount of precipitation (see Figure 58) and the emulsion appears 
clear. However, the emulsion produced a film that has very large particles. The AFM 
image shown in Figure 69A has particles with sizes 860 ± 250 nm. The particles in 
the AFM were jagged and inhomogeneous. The SEM shows particles that were 
spherical in shape with a diameter of 65 ± 20 nm. This measurement is much larger 
than the diameter given by the DLS measurements of the BTESPT/TTAB emulsion. 
the DLS data showed the majority of the emulsion droplets were 12 nm in diameter 
(Table 25). It is very likely that the images were from different locations on the film, 
since the images varied across the film surface. 
 
  
 
 
  
Figure 69: The analysis of the film produced by BTESPT/TTAB after2 weeks of ageing) AFM 
( 10 μm), B) Height measurement of A, C) SEM image at an FOV of 120 μm, and D) SEM 
image at a FOV of 4.8 μm. 
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The films produced by BTESPT/TTAB after 500 days of ageing have smaller 
particles than those seen in the film produced by the BTESPT/TTAB emulsion at 2 
weeks. The AFM image in Figure 70A shows a dense distribution of the non uniform 
particles, which was also seen in Figure 70C and varies in density depending on the 
location.  Figure 70 D shows that the particles apparent at the accelerating voltage of 
3 kV were less apparent at an accelerating voltage of 15 kV (Figure 70C), which 
indicates the particles were similar in composition to the film and were made of a 
low density material.  After 500 days of ageing the emulsion BTESPT/TTAB 
produced a film with a polarisation resistance of 3340 Ω.cm2. Therefore, it was likely 
that the zinc like surface under the particles was covered in film that follows the 
contour of the zinc substrate. 
 
 
 
  
Figure 70:The analysis of films produced from BTESPT/TTAB after 500 days of ageing, A) 
AFM (10 μm), B) SEM image at an FOV of 24 μm, C) Height measurement of A, D) SEM 
image at an FOV of 2.4 μm , and E) SEM image at an FOV of 1.2 μm. 
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3.5 Pilot Study Conclusion 
In conclusion, vast differences were seen for the stabilities of the emulsions of 
both silanes and water, and silane and surfactant (both individual and mixed 
surfactants). The ionic surfactants showed the greatest potential as stabilisers of 
emulsions of silanes followed by the Pluronic surfactants. The heat map (Table 15) 
indicated that some emulsions of surfactants are synergetic for stabilisation of silane 
emulsions giving better results than when individual surfactant was used to prepare 
the emulsion. 
 
The polarisation resistance values measured for Emulsion Set A showed that 
MPTMS is a silane with great potential for use as a water based emulsion for 
corrosion protection of zinc. MPTMS/water produced a film on zinc with a 
polarisation resistance of 12600 Ω.cm2. The results also showed that other surfactants 
decreased the film polarisation resistance (VTES and MPTMS), and some surfactants 
increased the measured polarisation resistance of some emulsions (VTAS/SHS and 
BTESPT/TTAB). 
 
The mixed surfactant experiment showed that the temperature of mixing 
affects the stability of the emulsions greatly, but the stability of the emulsion was not 
generally related to the polarisation resistance of the films. The composition of the 
emulsion was the most important factor in both the emulsion stability and the film 
resistance. 
 
The films produced by VTES emulsions were often featureless when imaged 
by SEM. The films produced by MPTMS changed significantly with ageing and by 
the addition of surfactant. The films produced by MPTMS/water became smoother 
over time, but over time the film contained many small particles. The emulsion 
MPTMS/L35 produced a film with a large distribution of particles at 2 weeks, but a 
very soft discontinuous film at 500 days. However, this film had good corrosion 
resistance with a polarisation resistance value of 2430 Ω.cm2 (see Table 29). The 
emulsions of BTESPT produced films that contained particles that were non-uniform 
and the emulsions were not stable over time. There was a small improvement in the 
stability with the use of the surfactant TTAB 
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Made from Ageing Silane Emulsions 
4.2 Methods for Chapter 4 
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4.1 Introduction 
 
Mixtures of silane and water were shown to change with time in the Chapter 3. 
The silane emulsions also changed their properties as time progressed, which would 
also affect the properties of films formed on zinc. A systematic approach was taken 
to test how the addition of surfactants to aqueous silane emulsions changed the films. 
In addition, the changes in the films produced by different aged emulsions were 
evaluated. 16 Emulsions were made to produce films at three different ageing times 
(1 day, 7 days, and 21 days). The aqueous emulsions were made from one surfactant 
and one silane. The films were evaluated by scanning electron microscopy (SEM) 
and electrochemical impedance spectroscopy (EIS) in triplicate, and the results were 
evaluated to find correlations with visual changes in the emulsions. 
 
The silanes chosen were γ-glycidoxypropyltrimethoxysilane (GPS), 
vinyltriethoxysilane (VTES), and 3-mercaptopropyltrimethoxysilane (MPTMS). GPS 
was chosen so that comparisons could be made between the films made from the 
aged emulsions and the condensation experiments discussed in Section 5.3 (the other 
silanes were not suitable for condensation measurements via NMR). VTES and 
MPTMS were chosen because findings in the pilot study showed that the emulsions 
containing these silanes had potential as corrosion protective coatings produced The 
experiments in this Chapter investigated the film properties in more detail over a 
three week emulsion aging period. 
 
The surfactants used were Pluronic L35, Pluronic F108 and SDS. The Pluronic 
surfactants were chosen to allow comparison between the different molecular weight 
non-ionic surfactants (low and high molecular weight). SDS was chosen as the ionic 
surfactant to allow comparisons with the condensation results in Section 5.3. TTAB 
was excluded from testing because it produced unstable emulsions with GPS in 
preliminary studies. 
 
This section describes experiments which investigated how ageing of the 
emulsions (1 day to 21 days) influenced the morphology, thickness of films on zinc, 
and the corrosion resistance of these films.  
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4.2 Methods for Chapter 4 
4.2.1 Silane Emulsion Preparation  
The bulk 2 % surfactant emulsions were prepared with Milli Q water prior to 
experimentation (see Tables 26 and 27 for weights). Time 0 was declared when the 
pre-weighed water or surfactant emulsion was added to the pre-weighed silane. The 
emulsions were mixed in reaction vessels on an orbital mixer at 125 rpm in a 
temperature-controlled room at 19-21˚C for the duration of the experiments. All 
reactants were equilibrated to room temperature before the experiments started. 
During the experimentation period, the emulsions were photographed to document 
the change in emulsion characteristics. The images were taken at times to coincide 
with film deposition.  
 
Table 26: Weighs of emulsion components for each silane emulsion. 
Emulsion Silane (g) 
Water/Surfactant 
emulsion (g) 
Silane (%w/w) 
GPS/water 1.6005 38.4002 4.001 
GPS/L35 1.6007 38.4037 4.001 
GPS/F108 1.6007 38.4015 4.002 
GPS/SDS 1.6006 38.4006 4.001 
MPTMS/water 1.6004 38.4021 4.001 
MPTMS /L35 1.5996 38.4014 3.999 
MPTMS /F108 1.6002 38.4007 4.000 
MPTMS /SDS 1.5999 38.4021 4.000 
VTES/water 1.6005 38.4151 4.000 
VTES /L35 1.5997 38.4017 3.999 
VTES /F108 1.6000 38.4028 4.000 
VTES /SDS 1.5997 38.4005 3.999 
 
Table 27: Concentration of surfactant emulsions. 
Emulsion 
Surfactant 
(g) 
Water 
(g) 
Concentration (% 
w/w) 
Molar Concentration 
(mM) 
CMC 
(mM) 
SDS 10.00 500.29 1.999 69.3 7-9 
L35 10.04 500.06 2.008 10.5 5.3 
F108 10.05 500.42 2.008 1.4 0.022 
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4.2.2 Film Preparation 
The films were prepared as described in Section 2.2.3 (page 67), but the films 
were prepared at different silane emulsion ageing times: 1 day, 7 days and 21 days 
after emulsion preparation. The time between collecting the 1 mL aliquot and coating 
the substrate was 14.5 ± 3.5 min, after which each aliquot was kept stationary until 
the second layer was applied 20 min later. Photographs were taken of all films after 
oven curing and after EIS analysis. The films were prepared in triplicate. The 
hydrolysis times that had elapsed before preparation of the 1 day films are given in 
Table 28.  
 
Table 28: Hydrolysis times of emulsions before use in preparation of the first film on zinc. 
emulsion Time on run A  Time on run B Time on run C 
GPS/water 23 hr 22 min 24 hr 17 min 25 hr 10 min 
GPS/L35 23 hr 27 min 24 hr 24 min 25 hr 20 min 
GPS/F108 23 hr 42 min  24 hr 36 min 25 hr 33 min 
GPS/SDS 24 hr 10 min 25 hr 07 min 25 hr 59 min 
MPTMS/water 23 hr 17 min 24 hr 10 min 25 hr 00 min 
MPTMS /L35 23 hr 14 min 24 hr 08 min 25 hr 00 min 
MPTMS /F108 23 hr 07 min 24 hr 03 min 24 hr 58 min 
MPTMS /SDS 23 hr 03 min 23 hr 56 min 24 hr 50 min 
VTES/water 23 hr 13 min 24 hr 05 min 24 hr 59 min 
VTES /L35 23 hr 14 min 24 hr 05 min 24 hr 58 min 
VTES /F108 23 hr 11 min 24 hr 00 min 24 hr 54 min 
VTES /SDS 23 hr 05 min 24 hr 00 min 24 hr 50 min 
 
Literature showed that the wait time after applying a silane system and 
spinning to form the coating affected the polarisation resistance of the film. There 
was an increase in the resistance of the deposited film with a wait time between 5 s 
and 60 s [124]. Therefore, a wait time of 1 min was used before spinning each 
sample.  
 
4.2.3 Electrochemical Impedance Spectroscopy Analysis 
EIS analysis was conducted in triplicate as described in Section 2.1.5.1 (page 
55), except that the exposure time of the film to the electrolyte was changed to 40 
min before the EIS analysis was started. A single test was also performed to evaluate 
how the film MPTMS/water film degraded over extended electrolyte exposure times 
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compared to bare zinc. This experiment was performed to test the hypothesis that the 
films were degrading during the EIS analysis time. The EIS experiments were 
performed comparing the control zinc substrate to the film deposited from the 
emulsion MPTMS/water at 25 days of age on a zinc substrate. Only one film was 
tested because the potentiostat used for the electrochemical experiments only had one 
channel, limiting the possibility of numerous extended tests during the time available 
to access the instrument. The extended electrochemical exposure test involved 
running an EIS analysis every hour between 100 MHz and 1 Hz with an applied sine 
wave of 10 mV in amplitude.  
4.2.4 SEM Analysis 
The films were analysed as described in Sections 2.1.6 (page 56) and 2.1.6.1 
(page 60). Some samples required coating due to charging of the film, and these were 
sputter coated (Quantum Q150T ES sputter coater) with chromium (5 nm) on half of 
the sample, by applying a card mask ~1 mm above the film surface to be coated by 
chromium. The films were VTES/L35 (7 and 21 days), VTES/water (21 days), 
MPTMS/F108 (1 day, 7 days, and 21 days), GPS/F108 (1 and 21 days), GPS/water 
(21 days), L35 (21 days), and F108 (21 days).  By coating half the surface, an 
unmodified profile image could be obtained by imaging the cross-section of the non-
coated half.  
 
After measuring the surface topology of the films, the samples were cleaved 
under liquid nitrogen to obtain cross-sections and placed in a desiccator while 
awaiting analysis. A tilt angle of between -2 and 4 degrees was used to aid in the 
imaging of the film thickness. A 10 kV accelerating voltage with a working distance 
of approximately 10 mm for measurement of film thickness was used.  The 
backscatter detector was used to discriminate between the film and the zinc substrate. 
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4.3 Emulsion Observation Results 
The emulsions had different visual appearances as they aged and this was 
documented using photography. Photographic documentation of the emulsions at 1 
day, 7 days and 21 days allowed a reliable comparisons between the different 
emulsion appearances and the films that were produced.  
 
All the emulsions containing GPS remained clear and had no precipitate over 
the 3 week testing period as shown in Figure 71. One other observation was that both 
the GPS/SDS and GPS/F108 emulsions had stable foams created by the motion of 
the orbital mixer.  
 
The four emulsions containing VTES had differing ageing behaviours 
depending on which of the surfactants was used (Figure 72). The emulsion 
VTES/water was initially hazy after preparation, but then clarified over the next three 
weeks. In addition, clear residue was deposited on the walls of the plastic vials 
during the three week testing period. The emulsion VTES/L35 was initially hazy, 
however in contrast to VTES/water, became more opaque at 7 days of ageing and 
clarifed slightly in the next 14 days of ageing. The emulsion VTES/L35 also had a 
residue built up on the walls of the vial, which was visible from day 7. It also had 
sediment in the bottom of the vial at day 21. VTES/F108 was initially opaque, 
becoming less opaque over the three week ageing period. This emulsion had foam 
above the solution line but does not appear to have a build up of residue on the vial 
or precipitation. The emulsion VTES/SDS was clear for the first 7 days, but was 
hazy by day 21. As with VTES/F108, there was a large amount of foam present, but 
no sign of residue or precipitation. 
  
4.3 Emulsion Observation Results 
 Kristina Eriksson-Scott Page 143 
 
emulsion GPS/water GPS/L35 GPS/F108 GPS/SDS 
1 Day 
    
1 Week 
    
3 weeks 
    
Figure 71: Photographs during ageing of GPS emulsions. 
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 VTES/water VTES /L35 VTES /F108 VTES /SDS 
1 Day 
    
1 Week 
    
3 weeks 
    
Figure 72: Photographs during ageing of VTES emulsions. 
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  MPTMS/water MPTMS /L35 MPTMS /F108 MPTMS /SDS 
1 Day 
    
1 Week 
    
3 weeks 
    
Figure 73: Photographs during ageing of MPTMS emulsions. 
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There were two sets of behaviours observed for the emulsions containing 
MPTMS. The emulsions of MPTMS/water and MPTMS/L35 behaved in a similar 
way, as did MPTMS/F108 and MPTMS/SDS. MPTMS/water and MPTMS/L35 both 
were hazy after preparation, but became clear after 7 days. Neither  emulsion 
(MPTMS/water or  MPTMS/L35) had foam, but they both produced a very large 
amount of residue on the container walls by the end of the experiment (clearly seen 
in Figure 73). The emulsion MPTMS/L35 had slightly more residue than 
MPTMS/water. MPTMS/F108 and MPTMS/SDS both started clear after preparation, 
but became opaque after 7 days of ageing. They both had foam (MPTMS/SDS had 
more foam) and neither had residue. These observations indicate there may be a link 
between the presence of foam and the lack of residue. 
 
4.3.1 The Effect of the Surfactants on the Silane Emulsions 
The control emulsions (only silane and water) did not create foam, however the 
emulsions with the surfactants F108 and SDS did. Foam would be an undesirable 
property for industrial processes. L35 did not create foam on emulsions with VTES 
or MPTMS, however, L35 created slight foam on the GPS emulsion.  
 
L35 formed residue on the container in VTES/L35 and MPTMS/L35 
emulsions. The emulsions silane/L35 showed similar behaviour to silane/water 
emulsions. The presence of SDS often made the emulsion clear in the early stages of 
ageing, however as ageing progressed the emulsions would become translucent or 
opaque. The only emulsion that formed precipitates over the testing period was 
MPTMS/SDS. The films imaged by SEM showed particles had started to form in 
other emulsions but they had not grown sufficiently to precipitate during the testing 
period. The only emulsion that did not show signs of particle growth was the 
GPS/L35 emulsion. 
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4.4 Electrochemical Impedance Spectroscopy Results 
4.4.1 Control Systems 
All of the controls (surfactant films on zinc and the zinc substrate) had low 
polarisation resistance values of less than 500 Ω.cm2. The photographs of the zinc 
substrate and of the control films made from the surfactants, before and after EIS 
analysis, are shown in Figure 74. The zinc substrate and surfactant films were clearly 
affected by the EIS analysis. The resistance measurements and the photographs (see 
8.2 Appendix B-Chapter 4) clearly show that the surfactants did not impart corrosion 
resistance. 
 
 
Zinc substrate L35 F108 SDS 
Before Before Before Before 
    
After After After After 
   
 
Figure 74: Photos of controls (surfactant films and zinc substrate) before and after EIS 
measurements. 
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4.4.2 Polarisation Resistance Values of the Films Deposited from GPS 
Emulsions 
All the emulsions containing GPS produced films with low polarisation 
resistances. Many films made from the GPS/surfactant (as well as the GPS/water)  
had polarisation resistances close to that of the zinc substrate (see Figure 75 and 
Table 29).  
 
Only the GPS/F108 films had a higher polarisation resistance than the 
polarisation resistance of GPS/water. The emulsion GPS/F108 produced a film with 
a polarisation resistance value near 1500 Ω.cm2 at day 1 and day 7. However, the 
film produced from the 21 day old GPS/F108emulsion had a much lower resistance 
of 870 Ω.cm2. The properties of the emulsion must have changed and this will be 
assessed in Section 5.5.2 (page 253). 
 
 
Figure 75: EIS measurements for GPS coatings on zinc as a function of emulsion age. 
GPS/water (♦), GPS/F108 (■), GPS/L35 (▲), GPS/SDS (●), and Blank Zinc (×). 
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4.4.3 Polarisation resistance Values of the Films Deposited from VTES 
Emulsions 
The films produced by the emulsions containing VTES also all gave quite 
low polarisation resistance values. A few films had polarisation resistances similar to 
the zinc substrate (see Figure 76). The emulsions VTES/L35 at day 7 and VTES/SDS 
at day 21 produced films with higher polarisation resistance. There were no trends in 
the performance of VTES films with the age of the emulsion since the values were 
close to that of zinc. 
 
Figure 76: EIS measurements for VTES coatings on zinc as a function of emulsion age. 
VTES/water (♦), VTES/F108 (■), VTES/L35 (▲), VTES/SDS (●), and Blank Zinc (×). 
 
4.4.4 Polarisation Resistance Values of the Films Deposited from MPTMS 
Emulsions 
The emulsions containing MPTMS produced films with resistances far above 
that of the any film made by either of the other two silanes. The polarisation 
resistances values of films made by MPTMS emulsions were at least 40 times higher 
than the zinc substrate. The films produced by the emulsions MPTMS/water (1 day) 
and MPTMS/SDS (7 days) were at least 200 times that of the resistance of zinc. The 
high polarisation resistance was consistent across all the films containing MPTMS, 
with the lowest polarisation resistance being 21,800 Ω.cm2 (produced by 
MPTMS/F108 at day 21). The influence the surfactants have on the MPTMS 
emulsions was evident (see Figure 77).  
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Figure 77: EIS measurements for MPTMS coatings on zinc as a function of emulsion age. 
MPTMS/water (♦), MPTMS/F108 (■), MPTMS/L35 (▲), MPTMS/SDS (●), and Blank Zinc 
(×). 
 
The MPTMS/water and MPTMS/L35 films behave in a similar fashion. They 
have a high initial polarisation resistance for films made from 1 day old emulsions, 
but the performance declines as the emulsion ages. The behaviour of the 
MPTMS/F108 and MPTMS/SDS follow similar trends to each other. They produce 
their best films at day 7. At each age (1 day, 7 days, and 21 days) MPTMS/F108 film 
had a lower resistance than the MPTMS/SDS film. The photos of the emulsions with 
age (see Figure 73) also showed similar changes for either group, MPTMS/water and 
MPTMS/L35, and MPTMS/F108 and MPTMS/SDS. 
 
The MPTMS/water emulsion produced films that decreased in polarisation 
resistance with an increase in emulsion ageing time, there was a large drop in 
polarisation resistance between deposition on day 1 and day 7, and a small drop 
(within error) between deposition on day 7 and day 21. The emulsion MPTMS/L35 
produced films that had polarisation resistance values lower than MPTMS/water at 
each emulsion age. The reduction in polarisation resistance as ageing occurs for both 
the MPTMS/water and MPTMS/L35 emulsions could due to instability in the 
system, there was residue on the container walls in the emulsion vials. If this residue 
consists of MPTMS siloxanes, then there would be a reduction in active silanol 
concentration in the film [56, 208]. This can lead to less cross-linking and surface 
bonds giving a lower polarisation resistance [209]. 
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The other two emulsions, MPTMS/F108 and MPTMS/SDS, produced films 
at 1 day of ageing that had polarisation resistance values significantly lower than the 
film produced by MPTMS/water. Both emulsions produced films that increased in 
polarisation resistance with 7 days of ageing and were higher than the other two 
films. MPTMS/SDS deposited a film on day 7 with a polarisation resistance equal to 
that of the film MPTMS/water produced at one day of age. The next 14 days of 
ageing decreased the polarisation resistance of the deposited films. The decrease for 
the produced by MPTMS/F108 at 21 days of age was significant, where this film had 
the lowest polarisation resistance of all the films containing MPTMS. In contrast, the 
emulsion MPTMS/SDS produced the film on day 21 with the highest resistance  of 
film produced on that day.  
 
The MPTMS/SDS emulsion had formed particles during the 21 days of 
ageing with the aliquots precipitating. The presence of particles and the particle 
loading has been shown to dramatically affect film characteristics [170, 210]. Particle 
loading has been shown to increase the film barrier properties (up to a certain 
concentration of particles) by increasing film thickness and uniformity [210]. The 
ideal concentration of hydrophobic silica particles for the system 2% bis-
[trimethoxysilypropyl]amine in 50:50 water:ethanol at pH 4 was 300 ppm [133]. A 
concentration between 5 and 15 ppm of 1 µm diameter silica particles was found to 
be the best concentration for the emulsion 5% BTESPT in a 5:5:90 
silane:water:ethanol emulsion deposited on aluminium substrate [210]. 
Concentrations of particles above this critical concentration decrease the barrier 
characteristics of the film by creating defects in the film that allow water penetration 
into the film [170, 210].  
 
The addition of microsilica to films made of either BTESPT or BTSE was 
shown to increase the corrosion resistance. The microsilica loaded film of BTESPT 
had better short term corrosion (BTESPT 1,600,000 Ω vs. BTSE 400,000 Ω at 24 
hrs), but the BTSE film loaded with microsilica had better long term corrosion 
resistance (BTSE 63,000 Ω at 192 hrs vs. BTESPT 16,000 Ω 144 hrs) [17]. The 
lower long term corrosion resistance of microsilica doped BTESPT films was due to 
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a competition between the sulphur and the silicon in reacting with the zinc surface. 
This reduced the number of silanol bonds formed with the surface. The BTSE had no 
sulphur atoms to compete with the microsilica, thus a more corrosion resistant film 
was formed [17]. 
 
This same particle loading phenomenon was likely to be what was occurring 
in the films produced by older MPTMS/SDS emulsions. The MPTMS/SDS emulsion 
produced the film with the highest polarisation resistance at 7 days of ageing. The 
barrier properties in this film may have been increased due to a small amount of 
small particles. The MPTMS/SDS film prepared from the 7 day old emulsion had the 
best performance measured for all of these emulsions and further ageing did not 
significantly affect the results. The film made from the 21 day old emulsion had a 
performance that was 73% of the MPTMS/water emulsion. This is important because 
this emulsion could be used as a coating emulsion for 3 weeks to produce corrosion 
resistant siloxane films on zinc, provided the stability issues are reduced. 
 
The MPTMS/2% SDS system in Emulsion Set A was only stable for 17 days 
and this agrees with the observation of precipitation in the aliquots taken at 21 days. 
The instability of the MPTMS/2% SDS system over a 500 day ageing period meant 
there was no electrochemical data for this system at 500 days of age. The other 
systems MPTMS/water and MPTMS/2% L35 were stable over the 500 days. Their 
polarisation resistances were 12660 Ω.cm2 (11 % of the initial value) and 
2430 Ω.cm2 (2 % of the initial value) respectively. The electrochemical testing of 
MPTMS/surfactants over a 3 week period showed that some surfactants can increase 
the workable life time of a silane system, however stability remains a concern.  
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4.4.5 Prolonged Electrochemical Testing of the film prepared from the 
MPTMS/water Emulsion  
The previous experiments described in Sections 4.4.2 to 4.4.4 demonstrated 
that the MPTMS gave the most corrosion resistant films. The initial exposure time 
for the sample to the electrolyte was 40 min before the experiment was started. 
Longer exposure times were used to test the hypothesis that the films were degrading 
during the EIS analysis. 
 
The results showed that as the exposure time of the MPTMS/water film to the 
electrolyte increased, the polarisation resistance measured by EIS decreased (see 
Figure 78). The polarisation resistance of the MPTMS film decreased by an order of 
magnitude from 20,000 Ω.cm2 to 3,300 Ω.cm2 after 12 hrs of exposure to the 
electrolyte, while the zinc decreased from 400 Ω.cm2 to 100 Ω.cm2. This decrease in 
polarisation resistance with electrolyte exposure time shows that the films were 
degrading with time as hypothesised. 
 
Figure 78: Bode |Z| plot of varying times of immersion of MPTMS/water siloxane film and 
Bare zinc in 3.5% NaCl. The Bode |Z| of MPTMS/water deposited at 25 days (red circle 1hr 
(   ) 12 hrs(   )), and bare zinc (blue triangle 1 hr (   ) 12 hrs (   )).The Bode phase of 
MPTMS/water deposited at 25 days (red lines1hr (-) 12 hrs(-)), and bare zinc (blue lines 1 
hr (-) 12 hrs (-)). The darker colours are shorter exposure times. 
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 The slopes of the Bode |Z| plots for the films produced by MPTMS/water 
emulsion decreased from - 0.9 to -0.7 showing that the film was becoming less like 
an ideal capacitor (a capacitor is characterised in the Bode plot by a -1 slope). The 
intercept was also decreasing as the time exposed to electrolyte increased. This led to 
a higher capacitance value and reduced film resistance.  
 
A similar trend occurred for the blank sample where the slope decreased from 
-0.75 to -0.5, and had a phase angle shift of 45 in the Bode (phase) plot (not 
pictured). Both a slope of -0.5 and a phase shift of 45 is indicative of Warburg 
impedance, which characterises diffusional transport of electroactive species to an 
electrode surface [190, 191]. Therefore, the exposure of the zinc to the electrolyte 
increased and the corrosion products were built up. The chloride ions had to diffuse 
through the corrosion products on the zinc to reach the zinc surface before the 
reduction-oxidation reaction could occur.  
 
The corrosion products present on the blank zinc substrate can be seen in 
Figure 79, as well as the protection delivered by the MPTMS film on zinc coated 
with the MPTMS/water emulsion. 
 
  
Figure 79:  Photographs of the samples tested for the effect of electrolyte exposure time, 
after 18 hr exposure. A) Blank, and B) MPTMS/water (coated after 25 days of emulsion 
ageing). 
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4.4.6 Summary of Electrochemical Results 
The polarisation resistance values obtained from EIS analysis are shown in 
Table 29 and the capacitive components of these films are shown in Table 30. The 
EIS testing for the controls (zinc substrate and zinc coated with surfactants) showed 
that the surfactants do not affect the polarisation resistance measured at the zinc 
interface. The other major point to note is that polarisation resistance of films made 
from emulsions containing MPTMS were significantly higher than any of those from 
the other two silanes.  
 
Table 29: Polarisation resistance measured by EIS of siloxane films on zinc prepared from 
emulsions of different ages. 
Coating on zinc 
Polarisation resistance (Ω.cm2) 
1 day old  7 days old 21 days old 
Blank 490 ± 160 325 ± 84 361 ± 79 
L35 440 ± 66 - - 
F108 444 ± 57 - - 
SDS 330 ± 83 - - 
GPS/Water 431 ± 61 680 ± 220 530 ± 66 
GPS/L35 1090 ± 420 680 ± 230 690 ± 160 
GPS/F108 1440 ± 210 1480 ± 810 870 ± 240 
GPS/SDS 700 ± 200 780 ± 210 766 ± 36 
VTES/Water 780 ± 330 750 ± 150 346 ± 90 
VTES/L35 650 ± 410 1840 ± 330 620 ± 300 
VTES/F108 540 ± 270 320 ± 160 482 ± 7 
VTES/SDS 810 ± 380 680 ± 240 1330 ± 190 
MPTMS/Water 113 000 ± 22 000 54 000 ± 29 000 48 000 ± 18 000 
MPTMS/L35 104 900 ± 5700 39 000 ± 15 000 37 700 ± 8900 
MPTMS/F108 39 100 ± 6500 87 000 ± 11 000 21 800 ± 2700 
MPTMS/SDS 66 800 ± 7200 112 000± 15 000 82 000 ± 16 000 
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Table 30: Constant phase elements (CPE) and coefficients (a) measured by EIS of siloxane films on zinc prepared from emulsions of different ages. 
Coating on zinc 
Capacitive component  
1 day old emulsion 7 days old emulsion 21 days old emulsion 
CPE (µF/cm
2
 × 10
-5
) a CPE (µF/cm
2
 × 10
-5
) a CPE (µF/cm
2
 × 10
-5
) a 
Blank 28 ± 12 0.74 ± 0.06 46 ± 16 0.67 ± 0.04 61 ± 34 0.68 ± 0.02 
L35 70.88 ± 0.41 0.76 ± 0.02 - - - - 
F108 22.0 ± 7.4 0.73 ± 0.01 - - - - 
SDS 83.7 ± 5.8 0.72 ± 0.01 - - - - 
GPS/Water 14.0 ± 3.5 0.80 ± 0.02 14.7 ± 3.0 0.80 ± 0.03 16.0 ± 4.3 0.78 ± 0.03 
GPS/L35 9.0 ± 3.2 0.84 ± 0.04 12.4 ± 6.2 0.80± 0.07 10.8 ± 1.7 0.84 ± 0.03 
GPS/F108 5.88 ± 0.89 0.85 ± 0.02 4.9 ± 1.1 0.86 ± 0.02 7.0  ± 4.2 0.80 ± 0.05 
GPS/SDS 11.4 ± 1.7 0.81 ± 0.03 10.5 ± 1.8 0.84 ± 0.02 11.16 ± 0.94 0.83 ± 0.01 
VTES/Water 8.7 ± 5.2 0.71 ± 0.05 7.5 ± 2.9 0.68 ± 0.02 24 ± 11 0.59 ± 0.01 
VTES/L35 15.3 ± 6.2 0.70 ± 0.02 1.3 ± 1.0 0.78 ± 0.04 8.4 ± 12 0.70 ± 0.04 
VTES/F108 13 ± 14 0.72 ± 0.05 34 ± 31 0.67 ± 0.09 15.2 ± 1.8 0.77 ± 0.01 
VTES/SDS 3.6 ± 18 0.7 ± 0.1 6.2 ± 14 0.62 ± 0.07 0.88 ± 3.4 0.8 ± 0.1 
MPTMS/Water 1.784± 0.023 0.85 ± 0.02 1.76 ± 0.31 0.87 ± 0.03 1.828 ± 0.081 0.892 ± 0.004 
MPTMS/L35 1.78 ± 0.22 0.78± 0.06 1.64 ± 0.20 0.872 ± 0.001 1.84 ± 0.13 0.86 ± 0.02 
MPTMS/F108 2.11 ± 0.20 0.83 ± 0.03 1.498 ± 0.031 0.879 ± 0.003 2.7 ± 3.6 0.84 ± 0.04 
MPTMS/SDS 1.43 ± 0.65 0.80 ± 0.02 
1.43 ± 0.25 and 3.4 
± 3.2 
0.83 ± 0.05 and 
0.62 ± 0.07 
1.71 ± 0.72 and 4.0 
± 1.9 
0.82 ± 0.07 and 
0.63 ± 0.05 
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The inclusion of surfactants to form silane emulsions resulted in higher film 
resistances for the emulsions GPS/surfactant and the emulsion VTES/SDS in 
comparison to the controls at 1 day of ageing. All other silane/surfactant emulsions 
produced films with polarisation resistance values lower that the films produced by 
the silane/water controls at 1 day of age. At 7 days of ageing some silane /surfactant 
emulsions produced films with higher polarisation resistances than the film produced 
from silane/water controls. The silane/surfactant emulsions that had improved 
resistance values compared to the silane/water film at 7 days were GPS/F108, 
GPS/SDS, VTES/L35, MPTMS/F108 and MPTMS/SDS. The silane/surfactant 
emulsions at 21 days of age produced films with better polarisation resistance values 
compared to the films produced by silane/water at the same age, except for the films 
deposited from the emulsions: MPTMS/L35 and MPTMS/F108. 
4.4.7 Film Polarisation Resistance Comparison with Literature 
The polarisation resistance value of the bare zinc substrate (390 ± 120 Ω.cm2) 
was lower than that of galvanized steel with values ranging from 1600 Ω.cm2 [75] to 
10,000 Ω.cm2 [6]. On the other hand it was higher than electrogalvanized steel with a 
polarisation resistance of 100 Ω.cm2 [80]. The electrolyte used in these studies was 
different for each case and a higher salt concentration could lead to a lower substrate 
resistance. The electrogalvanized sample was tested at 0.86 M NaCl giving 
100 Ω.cm2 [80], whilst the value 1600 Ω was obtained using a concentration of 
0.05 M after 1 hour exposure [75] The 10,000 Ω.cm2 result was obtained using 
0.9 mM after 10 min of electrolyte exposure [6]. 
 
Low polarisation resistance values similar to that obtained for the films 
produced from the VTES and GPS emulsions are not often reported, however H.-J. 
Kim et al. [80] reported polarisation resistance values of silane films on 
electrogalvanised steel measured in a electrolyte of 0.86 M NaCl. The film 
resistances were 120 Ω.cm2 for a BTSE film, 150 Ω.cm2 for a film of  
3-aminopropyltriethoxysilane (γ-APS) and 160 Ω.cm2 for a bilayer BTSE then  
γ-APS film.  
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Many reports study the use of hydrolysed VTES or GPS to improve the 
adhesion of epoxy resins for increased corrosion protection [3, 211-214]. There have 
also been some reports of the use of hydrolysed VTES and GPS coatings to produce 
a film for corrosion protection without the epoxy resin. These studies include: 
 
 When 3% VTES in 25:75 water:ethanol emulsion was electrodeposited on 
aluminium (AA2024-T3), the film increased the polarisation resistance 
from 1100 Ω.cm2 to 50,000 Ω.cm2 [144].  
 
 A VTES emulsion with a ratio of 4:6:90 (VTES:water:ethanol) was 
applied using dip coating on carbon steel to give a film with a polarisation 
resistance of 255,300 Ω.cm2. A ratio of 10:15:75 gave a film with a 
polarisation resistance of 790,700 Ω.cm2 in comparison to the carbon 
steel substrate with a polarisation resistance of 2630 Ω.cm2 [215].  
 
 A film 3% GPS in ethanol and distilled water gave a film on low carbon 
steel with a polarisation resistance of 21,140 Ω.cm2 [124].  
 
In this study it has been shown that the films of VTES and GPS are far more 
protective than the films made from the water-based emulsions in this study with the 
highest value from either system being 1840 Ω.cm2, which was deposited from the 
VTES/L35 emulsion at day 7.  
 
In Section 4.4.6 is was shown that the highest values for resistance of aqueous 
silane films on zinc, were MPTMS/water (1 day of age) and MPTMS/SDS (7 days of 
age). The polarisation resistances when tested in 0.6 M NaCl were of 113,000 Ω.cm2 
and 112,000 Ω.cm2, respectively.  These values are lower than that reported in 
literature when the films are coated from alcohol based systems on copper or 
aluminium. The emulsion of MPTMS:water:methanol (4:5.5:90.5) produced a film 
on aluminium with an initial polarisation resistance of 2,240,000 Ω.cm2 when tested 
in 0.1 M NaCl. After 24 hrs the resistance was still high with a polarisation resistance 
of 112,000 Ω.cm2 [132]. The other MPTMS film reported in literature was dip coated 
on copper from MPTMS:water:ethanol (4:6:90) and had a polarisation resistance of 
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1,800,000 Ω.cm2. It was analysed after 1 hour of exposure to 0.6 M NaCl electrolyte 
[15].  
 
The polarisation resistance values obtained in this project from MPTMS 
emulsions compare with polarisation resistance values reported in literature for 
BTESPT on galvanized steel. The emulsion of BTESPT:water:methanol (4:5.5:90.%) 
produced a film with 50,000 Ω.cm2  after 24 hrs of exposure to 05 M NaCl when the 
blank gave a resistance of 8000 Ω.cm2  [216]. A second film gave a polarisation 
resistance value of 30,000 Ω.cm2  after 1 hour exposure to 0.05 M NaCl. After 24 hrs 
exposure a third film had a polarisation resistance of 8000 Ω.cm2 . Galvanised steel 
at the same exposure times had a polarisation resistance of 1600 Ω.cm2  and 1300 
Ω.cm2  respectively. Another study with the same film composition showed that the 
BTESPT film on galvanised steel had a polarisation resistance of 200,000 Ω.cm2 
after 24 hrs exposure to 0.005M NaCl [18]. These studies show that the 113000 
Ω.cm2 polarisation resistance of MPTMS/water is a corrosions resistant film 
comparable to literature. 
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4.5 Morphology of Films by SEM Analysis. 
The morphology of the siloxane films was expected to change as the emulsion 
that produce the films aged. The film morphology was investigated to give 
complementary information to the polarisation resistance measurements, shedding 
light on whether film morphology and thickness influences the polarisation 
resistance and hence the coating protection. 
4.5.1 Morphologies and Thicknesses of Control Films. 
The values for the thicknesses of the coatings on zinc were determined for a 
large selection of regions, and the values were used to calculate film thickness using 
statistical analysis to calculate the average and standard deviation (these are 
presented in Table 32). The first samples were controls: bare zinc and surfactant 
films on zinc. The other control samples are the films made by the silane/water 
emulsions on zinc at the different ageing times (see Table 31) 
 
Table 31:The thicknesses measurements of the controls (silane/water films) from the SEM 
profile images 
age  1 day 7 Days 21 Days 
GPS/water 
Minimum (nm) 90 48 40 
Maximum (nm) 310 225 710 
Average (nm) 160 130 280 
Standard deviation (nm) 82 61 264 
VTES/water 
Minimum (nm) 3.4 15 4.7 
Maximum (nm) 440 60 190 
Average (nm) 8.2 32 28 
Standard deviation (nm) 8.0 15 33 
MPTMS/water 
Minimum (nm) 19 5.8 4.2 
Maximum (nm) 52 100 530 
Average (nm) 38 36 230 
Standard deviation (nm) 8.3 32 27 
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Table 32: The thicknesses measurements of the controls (zinc substrate and surfactant films) 
from the SEM profile images 
Thickness (nm) Zinc substrate L35 F108 SDS 
Minimum 3.7 6 8 9 
Maximum 9.8 86 60 250 
Average 5.2 32 34 70 
Standard deviation 3.7 17 15 61 
 
 
The MPTMS/water emulsions produce films with thickness values similar to 
those produced by VTES or GPS emulsions; however the resistances were 
substantially higher. This indicates the MPTMS silane was more influential on the 
polarisation resistance than the thickness of the film. 
 
4.5.1.1 Morphology of Zinc. 
The topological SEM images for bare zinc can be seen in Figures 80 A, B, 
and C, and the cross-sectional image in Figure 80D. The grain boundaries are visible 
on the surface of all the topological images. Figures 80 B and C show the scratches 
that were left after polishing to 1 µm. Figure 80D is presented to show how the 
thickness of the oxide film and error were calculated. The profile image is a 
combination of a scanning electron image (secondary electrons) and a compositional 
image (backscatter electrons). This method allows for easy visual determination of 
different regions of composition. The cross-sectional analysis of the thin oxide layer 
on bare zinc was affected by edge effects, but this allowed for a measurement of the 
minimum film thickness as well as the error range. The oxide layer thickness was 
calculated to be 5.2 ± 3.7 nm and the maximum value was found to be 9.8 nm. 
Monolayer layers of adsorbed silanes could not be observed using this technique 
because silane molecules are between 0.7-2.0 nm. Therefore a monolayer is thinner 
than the error in measurement.  
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Figure 80: SEM images of bare zinc, A) FOV = 240 µm, B) FOV=24 µm, C) FOV = 12 µm, 
and D) cross-section profile image to calculate error FOV = 479 nm. 
 
4.5.1.2 Morphology of Films Prepared from the L35/water Emulsion 
The SEM image of the surfactant L35 on zinc (Figure 81A) showed that there 
were large dots across the surface. These were also observed by visual inspection of 
the coated zinc. Figure 81B is a magnification of a region of Figure 81A, and this 
shows a rough, wrinkled film. A magnification of a different region in Figure 81A is 
shown in Figure 81C, and this shows the coating was not consistent on the zinc 
surface. Either the film in this region was very thin or it was absent, because the 
grain boundaries of the zinc were apparent. Figure 81D is the image of the cross 
section for this sample and this showed that the L35 formed a rough continuous thin 
film on the zinc surface and had an average thickness of 32 ± 17 nm. 
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Figure 81: Films of 2% L35 on polished zinc, A) FOV = 2.4 mm, overview of sample, B) 
FOV = 24 µm, zoomed in section near large object, C) FOV = 40 µm zoomed in section, and 
D) FOV = 1.2 µm, cross-section profile image. 
 
4.5.1.3 Morphology of Films Prepared from the F108/water Emulsion. 
The SEM images of the F108 film revealed that there were many defects in 
this film (see Figure 82A) and the film was inconsistent. There was visibly bare 
metal and coating was variable with thin and thick section present on the zinc (Figure 
82B). Figure 82C shows a continuous section of film that appears to be a mat of 
aggregated surfactant molecules, where only deep scratches in the zinc can be seen 
through the film. Analysis of the cross-section image shown in Figure 82D showed 
that the coating was thinner than expected (34 ± 15 nm). 
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Figure 82: Films of 2% F108 on polished zinc, A) FOV = 2.4 mm, overview image, B) FOV 
= 12 µm, zoomed in section of a patchy section, C) FOV = 24 µm, zoomed in image of a 
continuous section, and D) FOV = 600 nm cross section profile image showing side angle of 
a continuous section of film. 
 
4.5.1.4 Morphology of Films Prepared from the SDS/water Emulsion. 
The SEM images of the film made from the SDS/water emulsion (Figure 83) 
showed that this film was not continuous and it has many dark regions of irregular 
shapes and sizes. The image in Figure 83B is a higher magnification image of an area 
in Figure 83A. Half of this image appears to have no film, which would be consistent 
with the thickness measurements and the other half has a shadow that was assumed 
to be a thin film. A magnification of a darker region of the SDS film (Figure 83C), 
showed that the film in this region was also non-continuous. Analysis of the image of 
the cross-section shown in Figure 83D showed that the film was very thin in places, 
but thicker in others giving an average thickness of 70 ± 61 nm. 
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Figure 83: Films of 2% SDS on polished zinc, A) FOV = 2.4 mm, overview of the film, B) 
FOV = 6 µm, a zoomed in section in between the patches. C) FOV = 8 µm, a zoomed in 
section of a section of interest, and D) FOV = 2.4 µm, cross section profile image indicative 
of the film structure. 
 
4.5.1.5 Morphology of the Films Prepared from the GPS/water Emulsion 
a) 1 Day old GPS/water: The morphology of the films made from 1 day old 
GPS/water emulsions is shown in Figure 84. The film in Figure 84A appears uniform 
and mostly continuous, however higher magnification reveals several features within 
the film. The section of film shown in Figure 84B contains a feature that appears 
smooth, but has particles that were 1.67 ± 0.51 µm in diameter. A further 
magnification of this area reveals (Figure 84D) that the particles were embedded in a 
rough film which contain a many smaller particles (this rough film also has a crack). 
Another film feature is shown in Figure 84C, where the film is ribbed, folded or 
stretched. The defect shown in Figure 84E has the same rough particular appearance 
as in Figure 84D, however it appears much thinner and the scratches in the zinc were 
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visible. Finally, the cross-section image shown in Figure 84F shows a film with 
consistent thickness (162 ± 82 nm).  
 
  
  
  
Figure 84: SEM images of films made from the GPS/water emulsion at 1 day old. A) FOV = 
2.4 mm, B) FOV = 240 µm, C) FOV =240 µm, D) FOV = 40 µm, E) FOV = 24 µm, and F) 
FOV = 800 nm. 
 
b) 7 Day old GPS/water: The SEM images of the film made from the 7 day old 
GPS/water emulsion is shown in Figure 85. This film appears featureless, except for 
defects. Figure 85A shows the film with defects, B shows higher magnification of a 
selected area of the film, and Figure 85C shows a defect where there was a section 
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with no film coverage. The cross-section image in Figure 85D shows a film of 
uniform thickness, where the average thickness of the film was 130 ± 61 nm. 
 
  
  
Figure 85: SEM images of films made from the GPS/water emulsion at 7 days old. A) FOV 
=2.4 mm, B) FOV = 24 µm, C) FOV = 80 µm, and D) FOV = 2 µm. 
 
c) 21 Day old GPS/water: The ageing of GPS/water for 21 days yielded a 
continuous film that had defects. The SEM images of this film are shown in Figure 
86. The images shown in Figures 86 A, C, E and F show a continuous film that 
follows the zinc surface including the scratches and grain boundaries. In comparison, 
the images in Figure 86 B and D show a defect (marked in Figure 86A) that was 
porous, uneven and appears to have sections of bare zinc. The average film thickness 
was 280 ± 264 nm.  
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Figure 86: SEM images of films made from the GPS/water emulsion at 21 days old. A) FOV 
=2.4 mm, B) FOV = 120 µm, defect, C) FOV = 40 µm, flat section, D) FOV = 24 µm, 
enlarged defect, E) FOV = 12 µm, zoomed in flat section, and F) FOV = 1.2 µm profile. 
 
 
It was concluded from the results of the SEM analysis on the three films of 
GPS/water on zinc that the large number of defects in the film were likely the cause 
of the poor EIS results for the films.  
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4.5.1.6 Morphology of the Films Prepared from the VTES/water Emulsion 
a) 1 Day old VTES/water: The emulsion VTES/water at 1 day of ageing produced a 
film that was hardly visible. It is clear from the images in Figure 87 that the film was 
thin and patchy. Figure 87B shows the scratch test used to prove the film was 
present. The inability to see the film due to thinness is demonstrated in the profile 
image Figure 87D and the thickness measurements in Table 34 show the film was 8 
± 8 nm. The feature seen in Figure 87C was also thin and required a lower 
accelerating voltage to adequately image the feature. The existence of a very thin 
film across the surface was consistent with the polarisation resistance of 780 Ω.cm2. 
If there was no film the polarisation resistance should have been even lower.  
   
  
  
Figure 87: SEM images of films made from the VTES/water emulsion at 1 day old. A) FOV 
=800 µm, B) FOV = 24 µm, C) FOV = 12 µm, and D) FOV = 1.2 µm. 
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b) 7 Day old VTES/water: The film that was produced by the emulsion VTES/water 
at 7 days of age also appears to be a very thin film, with many dots of thicker film 
(10-50 µm) distributed across the surface (Figure 88A). The images in Figure 88B 
has a scratch purposefully imposed to show a contrast between the film and the zinc. 
The magnification of one of the dots is shown in Figure 88C. It shows there was a 
globular centre with a thinner film towards the edge of the dot. The profile image in 
Figure 88D confirms the presence of a thin film average film thickness was 32 ± 15 
nm. 
 
  
  
Figure 88: SEM images of films made from the VTES/water emulsion at 7 days old. A) FOV 
=2.4 mm, B) FOV = 12 µm, C) FOV = 40 µm, and D) FOV = 600 mm. 
 
 
c) 21 Day old VTES/water: The film deposited from VTES/water at 21 days of age 
was also very thin. The film had two sets of dots across the surface, the larger dots 
were 200-300 µm in size and the smaller dots were 3-7 µm in size (Figure 89A). 
There were fewer dots in the film produced at 21 days than in the film produced at 
7 days. The underlying film was very thin and this was confirmed by the scratch 
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method. Figure 89B is a magnification of two tiny dots, at 10 kV the beam penetrated 
through the dots to reveal defects in the zinc surface under the dots. This indicated 
the film was accumulating at the defects in the zinc. The thin section of film in 
Figure 89C is of the edge of one of the large dots in Figure 89A. This film was very 
thin and only appears as a shadow at an accelerating voltage of 500 V (above this 
voltage more detail of the zinc substrate was obtained). The shape of these dots 
indicates that shrinking may have occurred during curing of the film in the oven. A 
large dot can also be seen in the profile image in Figure 89D. The presence of a film 
28 ± 33 nm agrees with the low polarisation resistance of 350 Ω.cm2 measured by 
EIS. This indicates there were large sections of uncoated zinc. 
 
  
  
Figure 89: SEM images of films made from the VTES/water emulsion at 21 days old. A) FOV 
=2.4 mm, B) FOV = 40 µm, C) FOV = 40 µm, and D) FOV = 24 µm. 
 
All the SEM films created by VTES/water had a very thin films. The major 
change was the size of the globular features on the surface. These increased as the 
depositing emulsion aged.  
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4.5.1.7 Morphology of the Films Prepared from the MPTMS/water 
Emulsion 
 a) 1 Day old MPTMS/water: The film deposited by the MPTMS/water emulsion1 
day old was inconsistent and patchy as seen in Figure 90A.  
 
  
  
  
Figure 90: SEM images of films made from the MPTMS/water emulsion at 1 day old. A) 
FOV =2.4 mm, B) FOV = 120 µm, C) FOV = 80 µm, D) FOV = 24 µm, E) FOV = 80 µm, 
and F) FOV = 600 nm. 
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The image in Figure 90B clearly shows that this film was continuous beneath 
those thicker patches of film, which was consistent with the minimum thickness 
measurements of 19 nm. The image in Figure 90C shows a configuration of film that 
shows random aggregation of film. On further magnification (Figure 90E) the region 
appears to contain small particles, which could be causing the film to aggregate in 
these areas. The image in Figure 90D was a thicker section of film and shows that 
this section of film appeared to be nucleated by the presence of a particle. Figure 90F 
is a profile image of the underlying film, where the average film thickness was 38 ± 
8.3 nm. This thick continuous film may be contributing to the high resistance value 
of 113,000 Ω.cm2. 
 
b) 7 Day old MPTMS/water: The film deposited by the emulsion MPTMS/water at 
7 days old, was inconsistent across the surface of the zinc (Figure 91A).  
 
  
  
Figure 91: SEM images of films made from the MPTMS/water emulsion at 7 days old. A) 
FOV =2.4 mm, B) FOV = 24 µm, C) FOV = 80 µm, and D) FOV = 600 nm. 
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The film in Figure 91B was very thin because the zinc surface can still be 
seen clearly when the film was imaged at 500 V. This thinness agrees with films 
thickness measurements where the average film thickness of 36 ± 32 nm. The image 
in Figure 91C is of a thicker feature and shows the inconsistency of the film. The 
profile image in Figure 91D shows the rough inconsistent nature of this film. 
 
C) 21 Day old MPTMS/water: The film deposited by the emulsions MPTMS/water 
at 21 days of age in shown in Figure 92.  
  
  
  
Figure 92: SEM images of films made from the MPTMS/water emulsion at 21 days old. A) 
FOV =2.4 mm, B) FOV = 120 µm, C) FOV = 120 µm, D) FOV = 12 µm, E) FOV = 12 µm, 
and F) FOV = 1.2 µm. 
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The film was non-consistent and varies greatly across the surface and has 
various different features which can be seen in Figures 92 A, B, C and D. Some 
features have sharp edges and were sparse (Figure 92B), where as others have a 
larger coverage but have cracks (Figures 92 C and D).  The profile images in Figure 
92 E and F show how the thickness varies with the different features. The film in 
Figure 92E was thick and flat, where as the film in Figure 92F was thin with an 
uneven surface. The average film thickness was 230 ± 27 nm, but the minimum 
thickness was 4.2 nm. There which must have been some film coverage (also 
confirmed by the scratch test method) because the polarisation resistance was 
48,000 Ω.cm2. 
 
The ageing of the emulsion MPTMS/water led to a less consistent film. The 
film produced at day 21 indicates ageing causes oligomers to form in the emulsion. 
this in turn caused the deposition of patchy thick sections and reduced the amount of 
small molecules that would form the continuous layer. This change in morphology 
could be contributing to the reduction in polarisation resistance from 113,000 Ω.cm2 
to 48,000 Ω.cm2. 
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4.5.2 Morphologies of GPS/surfactant Films on Zinc 
4.5.2.1 Morphology of the Films Prepared from the GPS/L35 Emulsion 
a) 1 Day old GPS/L35: The SEM images obtained from the film produced from the 
emulsion GPS/L35 at 1 day of ageing are shown in Figure 93. This was a non 
continuous film with a few thicker sections. The boxes in Figure 93A are the sections 
that correspond to the magnified images in Figures 93 B and C. It was apparent that 
the film was not continuous, it has patches where the film was thinner, which 
corresponds to the thickness data in Table 33. The average film thickness was 33 ± 
15 nm. In Figure 93B the film was not consistent and has globules present. The zinc 
was mostly bare in Figure 93C, dark patches were visible where the scratches in the 
zinc join. The profile image in Figure 93D shows a continuous section of film that 
was consistent in thickness. This section would be a section of film similar to the 
lines in Figure 93A.  
 
  
  
Figure 93: SEM images of films made from the GPS/L35 emulsion 1 day old. A) FOV = 2.4 
mm, B) FOV = 240 µm, C) FOV = 24 µm, and D) FOV = 600nm. 
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b) 7 Day old GPS/L35: The film made from the emulsion GPS/L35 at 7 days of 
ageing is shown in Figure 94A. This film was also non-continuous in a similar way 
to that of the film deposited at day 1. There were significant number of globules in 
this film and the average film thickness was 39 ± 32 nm. 
 
  
  
  
Figure 94: SEM images of films made from the GPS/L35 emulsion at 7 days old. A) FOV 
=2.4 mm, B) FOV = 24 µm, C) FOV = 40 µm, D) FOV = 24 µm, E) FOV = 12 µm, and F) 
FOV = 1.2 µm. 
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c) 21 Day old GPS/L35: The film in Figure 95 was made from the GPS/L35 
emulsion at 21 days of age. The film appears sparse in comparison to the films made 
from the younger emulsions. Figure 95B shows a limited amount of film and the 
surface was mostly uncoated. The lines that are apparent in Figure 95A were not 
composed of a significant amount of film. This can be seen in the magnification in 
Figure 95D. Further magnification shows non-continuous flat topped features (Figure 
95E).The aggregates appear to have flattened through the ageing process.  
 
  
  
  
Figure 95:  SEM images of films made from the GPS/L35 emulsion at 21 days old. A) FOV 
=2.4 mm, B) FOV = 24 µm, C) FOV = 240 µm, D) FOV = 40 µm, E) FOV = 12 µm, and F) 
FOV = 1.6 µm. 
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The larger sections of film were rough and non-continuous which is apparent in 
Figure 95C. The profile in Figure 95F also shows the sparse nature of this film. The 
average film thickness was 21 ± 17 nm. 
 
The ageing of the emulsion GPS/L35 was proven to change the deposited 
film dramatically. The smooth continuous nature of the film diminishes as the 
emulsion ages.  This correlates with the polarisation resistances values, where the 
youngest film had the highest film resistance. The films produced from 1 day and 7 
day old emulsions had a tendency to aggregate on scratches, which was not seen in 
the film produced at 21 days of ageing. The presence of the surfactant L35, therefore, 
changed the film morphology. 
 
4.5.2.2 Morphology of the Films Prepared from the GPS/F108 Emulsion 
a) 1 Day old GPS/F108: The film made from the emulsion GPS/F108 at 1 day of 
ageing was continuous and had two levels of features: an overarching wave feature 
that contains a subset of waves. This feature was seen in the film produced by  the 
surfactant F108 without silane (see Section 4.5.1.3). Figure 96B shows the wavy 
nature of the overarching film morphology. The secondary feature can be seen at a 
higher magnification in Figure 96C. The profile image in Figure 96D shows the 
continuous film structure including the slight increase and decrease in the film 
thickness (47 ± 24 nm) that make up the waves in the film. The continuous nature of 
the film would be contributing to the higher polarisation resistance of 1440 Ω.cm2.  
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Figure 96 SEM images of films made from the GPS/F108 emulsion at 1 day old. A) FOV = 
800 µm, B) FOV = 120 µm, C) FOV = 12 µm, and D) FOV = 800 nm. 
 
 
b) 7 Day old GPS/F108: At 7 days of ageing the emulsion GPS/F108 produced a 
film that had several features, which can be seen at the low magnification in Figure 
97A. The film appears to be continuous with ridges and valleys in the film, but the 
secondary structure seen in the films produced at 1 day was not seen. The film 
covering large particles under the film caused the ridges (see Figure 97B, arrows). 
Further magnification in Figure 97C confirms the continuous nature of the film. The 
profile image in Figure 97D shows a thick continuous film with an average film 
thickness of 91 ± 25, which may contribute to the polarisation resistance of 
1480 Ω.cm2.  
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Figure 97 SEM images of films made from the GPS/F108 emulsion at 7 days old. A) FOV = 
800 µm, B) FOV = 80 µm, C) FOV = 24 µm, and D) FOV = 1.2 µm. 
 
 
c) 21 Day old GPS/F108: The film made from GPS/F108 at 21 days of ageing was 
non-continuous and holes can be seen in the low magnification image in Figure 98A. 
Upon magnification (Figure 98B) the holes were clearly visible and have a non-
uniform structure. Further magnification of the film (Figure 98C) shows the wave 
structure associated with the film made from the surfactant F108 (see Figure 82 on 
page 168). The profile image in Figure 98D is of a continuous section of the film, 
which also shows a thicker section of film further away from the edge of the film. 
This indicates a decrease in homogeneity of the film. The thickness measurements 
show an average film thickness of 87 ± 38 nm and these do not agree with the 
observation of holes in the film. It is likely that the sampling of film thickness missed 
the holes, as the holes may not have been located where the film was fractured. The 
film measurement may therefore not reflect the existence of holes and average total 
film thickness. The films deposited by GPS/F108 at 21 days of ageing had many 
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holes present, which is in agreement with the lower polarisation resistance of 
870 Ω.cm2 found for this film.  
 
  
  
Figure 98:  SEM images of films made from the GPS/F108 emulsion at 21 days old. A) FOV 
= 800 µm, B) FOV = 120 µm, C) FOV = 12 µm, and D) FOV = 1.2 µm. 
 
The continuous films of GPS/F108 at 1 and 7 days had the highest film 
resistances of the films produced containing GPS. The decrease in film homogeneity 
also decreased the polarisation resistance. This indicates that the film resistance 
values of GPS/F108 are influenced by the structure of the film.  
 
4.5.2.3 Morphology of the Films Prepared from the GPS/SDS Emulsion 
a) 1 Day old GPS/SDS: The film produced from the emulsion GPS/SDS at 1 day of 
ageing was very patchy and had numerous features which are seen in Figure 99. 
Figure 99B shows a region that was mostly bare substrate with a few shadows of film 
present. Whereas Figure 99C shows there were regions with a thicker film and 
Figure 99D shows there were crystalline structures in parts of the film. The profile 
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images in Figure 99 E and F show that the cross-section of the film were very 
different in different locations. Figure 99E shows the sparseness of the film in places, 
whereas, the profile image in Figure 99F shows there were very thick regions of film. 
The average film thickness was 7.2 ± 6.2 nm with thick sections ranging from 35 nm 
to 210 nm. The resistance value of 700 Ω.cm2 is in agreement with a film covering 
the surface. 
 
  
  
  
Figure 99:  SEM images of films made from the GPS/SDS emulsion at 1 day old. A) FOV 
=2.4 mm, B) FOV = 24 µm, C) FOV = 80 µm, D) FOV = 24 µm, E) FOV = 1.4 µm, and F) 
FOV = 120 µm 
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b) 7 Day old GPS/SDS: The film produced from the emulsion GPS/SDS at 7 days of 
ageing had a higher continuity than seen in the film made by the younger emulsion. 
There were two major types of structure visible in Figure 100: rod like structures and 
semi-ordered crystalline structures. The rod-like structures are seen in Figure 100B.  
 
 
  
  
  
Figure 100 SEM images of films made from the GPS/SDS emulsion at 7 days old. A) FOV = 
800 µm, B) FOV = 240 µm, C) FOV = 120 µm, D) FOV = 24 µm, E) FOV = 4 µm and F) 
FOV = 2.4 µm. 
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The semi-ordered crystalline structure, can be seen in Figures 100 C, D and E. This 
set of film features appears to be continuous however the image in Figure 100E 
shows major cracks in the film. This feature is shown in the profile in Figure 100F. 
The crack does not go all the way to the substrate. The cracks in the film must be 
contributing to the low resistance value, because the averaged film thickness was 138 
± 63 nm. The resistance value of 780 Ω.cm2 is similar to the resistance of the film 
produced at 1 day of age with a very thin film. 
 
c) 21 Day old GPS/SDS: The film produced by the GPS/SDS emulsion at 21 days of 
age had a continuity that was not seen in the films produced by the younger 
emulsion. The continuity is visible in Figure 101. There was a roughness to the film 
and thin patches, which can be seen in the profile image in Figure 101D. The average 
film thickness was 85 ± 44 nm. The polarisation resistance was 766 Ω.cm2, which 
was similar to the film produced by the 7 day old emulsion, in both thickness and 
resistance. 
 
  
  
Figure 101 SEM images of films made from the GPS/SDS emulsion at 21 days old µm. A) 
FOV =800 µm, B) FOV = 80 µm, C) FOV = 24 µm, D) FOV = 800 nm. 
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The emulsion GPS/SDS has changed significantly over the 21 day ageing 
period. The ageing of the emulsion GPS/SDS increased the continuity of the 
produced films, but this did not increase the film resistance. One could speculate that 
the increase in the continuity would be increasing in the polarisation resistance, 
whilst the decrease in silanol content could be decreasing the polarisation resistance, 
thus leading to a similar polarisation resistance for all the films.  
4.5.3 Thickness Measurements of GPS Films on Zinc 
The GPS/water emulsion at 1 day of age produced a thin film, which had the 
lowest polarisation resistance (Table 29). As the GPS/water emulsion aged average 
film thickness increased, but the films became rougher with thinner sections. The 
GPS/surfactant emulsions, were the thickest when deposited at day 7.  
 
Table 33: Thickness measurements of films (nm) made from GPS emulsions. 
Emulsion  1 day 7 Days 21 Days 
GPS/water 
Minimum (nm) 90 48 40 
Maximum (nm) 310 225 710 
Average (nm) 160 130 280 
Standard deviation (nm) 82 61 264 
GPS/L35 
Minimum (nm) 5.3 8.7 1.9 
Maximum (nm) 66 210 80 
Average (nm) 33 39 21 
Standard deviation (nm) 15 32 17 
GPS/F108 
Minimum (nm) 16 22 37 
Maximum (nm) 100 195 160 
Average (nm) 47 91 87 
Standard deviation (nm) 24 25 38 
GPS/SDS 
Minimum (nm) 4.5 57 9 
Maximum (nm) 49 480 200 
Average (nm) 7.2 138 85 
Standard deviation (nm) 6.2 63 44 
 
The morphology of the films produced by emulsions containing GPS changed 
significantly as the emulsion aged. The GPS/F108 emulsions produced continuous 
films that became thicker and more prone to defects with ageing. Whereas GPS/L35 
produced a non-continuous film that that became sparse with ageing. The emulsion 
GPS/SDS also produced a non-continuous film at 1 day, but as the emulsion aged it 
produced films that were more continuous.  
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4.5.4 Morphologies of VTES/Surfactant Films on Zinc 
4.5.4.1 Morphology of the Films Prepared from the VTES/L35 Emulsion  
a)1 Day old VTES/L35: The emulsions VTES/L35 at 1 day of age produced the 
film seen that has a thin film with features spread across the surface (Figure 102). 
The imposed scratch was used to confirm the presence of a film (Figure 102B). The 
features in Figure 102C have a secondary structure, where the feature has a large 
number of circles (1.3 µm-1.9 µm diameter) and small spheres (220 -550 nm 
diameter).  The profile image in Figure 102D shows the uneven nature of the film. 
The low polarisation resistance of 650 Ω.cm2 can be explained by the sparseness of 
the thicker sections of film and the thinness of the continuous film (8 ± 2). 
 
  
  
Figure 102: SEM images of films made from the VTES/L35 emulsion at 1 day old. A) FOV = 
2.4 mm, B) FOV = 24 µm, C) FOV = 24 µm, and D) FOV = 1.2 µm. 
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b) 7 Day old VTES/L35: The film deposited by the emulsions VTES/L35 at 7 days 
of ageing has sections of thick patchy film (Figure 103).The inconsistent features 
were smooth and thick (Figure 103 A and B). The thickness of the film is shown in 
the profile (see Figure 103E). The magnified area of thinner film is shown in Figure 
103 C and D These features on the film are patchy and there was a thin continuous 
film (confirmed by the scratch method) between these features. The minimum 
thickness measures was 30 nm.  
 
  
  
  
Figure 103: SEM images of films made from the VTES/L35 emulsion at 7 days old (coated). 
A) FOV = 2.4 mm, B) FOV = 240 µm, C) FOV = 24 µm, D) FOV = 120 µm, E) FOV = 6 
µm, and F) FOV = 1.2 µm. 
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Differences in thickness of the film can be seen in the profile image in Figure 103F 
(the edge of a feature and the film next to it). The high polarisation resistance of 
1840 Ω.cm2 (for VTES films) could be due to the continuous film being at least 30 
nm and thick sections contributing to an averaging film thickness of 180 ± 15 nm. 
 
c) 21 Day old VTES/L35: The emulsion of VTES/L35 at 21 days of ageing 
produced a film that was also inconsistent (Figure 104A).  
 
  
  
  
Figure 104 SEM images of films made from the VTES/L35 emulsion at 21 days old. A) FOV 
=2.4 mm, B) FOV = 40 µm, C) FOV = 80 µm, D) FOV = 12 µm, E) FOV = 67 µm, and F) 
FOV = 600 nm. 
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There was a thin continuous film under the visible patchy film (Figure 104E). The 
feature seen in Figure 104B contains many spherical particles between 190 nm and 
1.1 µm, magnified in Figure 104D. The scratches from the polishing process can also 
be seen through the features in the film. The thin continuous film across the zinc 
surface appears thicker at the grain boundaries (Figure 104C). The profile image is 
shown in Figure 104F; it shows a that the film varies in thickness. The thinness (25 ± 
25 nm) and the inconsistency of the film could be contributing to the low polarisation 
resistance measurement of 620 Ω.cm2. 
 
4.5.4.2 Morphology of the Films Prepared from the VTES/F108 Emulsion 
a) 1 Day old VTES/F108: The film produced by VTES/F108 emulsion at 1 day of 
age is shown in Figure 105. The film produced by the emulsions VTES/F108 at 1 
day of ageing was not continuous across the whole surface. The sections of 
continuous film were thin and rough. The non-continuous section contained various 
features including defects and particles. Figure 105A contains various features 
associated with this film. The continuous section of film (Figure 105B) appears 
rough and porous, and the scratches from polishing were just visible through film. 
The area that does not contain thick film has a variety of features shown in Figures 
105 C, D and E. The image shown in Figure 105C has thicker areas film located in 
the scratches and zinc grain boundaries. The film in this location was very thin and 
only shadow type images could be obtained. Raised globular defects that have a 
smooth surface can be seen in Figure 105D. Particles between 80 nm and 200 nm in 
diameter can be seen in Figure 105E embedded in the thin film. The film deposited at 
day 1 is shown in Figure 105F.  The thinness (9.6 ± 1.8 nm) and defects were 
consistent with the low polarisation resistance of 540 Ω.cm2. 
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Figure 105: SEM images of films made from the VTES/F108 emulsion at 1 day old. A) FOV 
=2.4 mm, B) FOV = 24 µm, C) FOV = 40 µm, D) FOV = 80 µm, E) FOV = 12 µm, and F) 
FOV = 600 nm. 
 
 
b) 7 Day old VTES/F108:  The emulsion VTES/F108 produced a film at 7 days of 
ageing that was consistent across the surface (Figure 106). Cracks or channels 
formed throughout the film were clearly visible in Figures 106 A, B and C. The film 
appears porous in Figures 106 B and C and scratches from polishing can be seen 
through the film. The higher magnification of the film in Figure 106C shows the 
cracks in the film reach the zinc surface (bare zinc indicated with an arrow). The 
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profile image in Figure 106D is indicative of the film (thick with a globular 
structure). The cracks and porosity in the film contributes to the low polarisation 
resistance of 320 Ω.cm2 even though the average film thickness was 68 ± 14 nm. 
 
  
  
Figure 106: SEM images of films made from the VTES/F108 emulsion at 7 days old. A) FOV 
=120 µm, B) FOV = 40 µm, C) FOV = 12 µm, and D) FOV = 800 nm. 
 
c) 21 Day old VTES/F108: The film produced by the emulsion VTES/F108 at 21 
days of ageing has a regular feature evenly distributed across the zinc surface (Figure 
107). The features (Figure 107B) consisted of at least one particle between 130 nm 
and 900 nm in diameter (usually ≈ 500 nm) on top of an irregular circular shape 
ranging from 1.5 µm to 5 µm across the length of the shape. The feature was 
distributed evenly across the surface, however, there was minor aggregation (Figure 
107B). The features appear to be porous defects in the film. The arrow in Figure 
107C is pointing to a smooth section of film that was on top of the defect. This is 
also in agreement with the profile image in Figure 107D where the defect was clearly 
raised above the rest of the film. During imaging no evidence was found to show if 
the defects sit on top of the film or if they reach to the zinc substrate, however it is 
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likely that the defects were deep in the film since the polarisation resistance was only 
490 Ω.cm2 and the average film thickness was 63 ± 25 nm. 
 
  
  
Figure 107: SEM images of films made from the VTES/F108 emulsion at 21 days old. A) 
FOV = 240 µm, B) FOV = 40 µm, C) FOV = 6 µm, and D) FOV = 800 nm. 
 
 
The ageing of the emulsion VTES/F108 led to more continuous films being 
deposited as the emulsions aged, however the films were porous leading to the some 
corrosion occurring during electrolyte exposure (see Section 8.2:Appendix B). The 
resistance results and the images of film degradation during EIS analysis support the 
observations of porosity. Therefore, the films of VTES/F108 have poor corrosion 
resistance.  
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4.5.4.3 Morphology of the Films Prepared from the VTES/SDS Emulsion 
a) 1 Day old VTES/SDS: The film deposited from the emulsion VTES/SDS at 1 day 
of ageing was very patchy, and the features in the film vary significantly. This can be 
seen in the images in Figures 108 A, B, C and D, where all three magnified areas 
were significantly different.  
 
  
  
  
Figure 108: SEM images of films made from the VTES/SDS emulsion at 1 day old. A) FOV = 
2.4 mm, B) FOV = 24 µm, C) FOV = 240 µm, D) FOV = 40 µm, E) FOV = 1.2 µm, and F) 
FOV = 1.2 µm. 
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Figure 108B shows a thin film with either cracks or raised surface structures.  
The rod like structures (Figure 108C) were about 1.2 µm to 2.8 µm across with 
varying lengths. These features were similar to that seen in the film deposited from 
the 7 day old GPS/SDS emulsion (Figure 100B), indicating that these features may 
be a result of the SDS surfactants. Figure 108D shows another section of film. In the 
centre of the irregular shape there was a very thin film (indicated by the polishing 
scratches in the zinc surface). The white dots in Figure 108D that appear between the 
irregular shapes, were likely to be sections of cracked film (see Figure 108E) rather 
than small particles. The Figure 108F is likely to be of a rod structure seen in Figure 
108C, indicating the variations in thickness around features in the film. The average 
film thickness was 47 ± 26 nm. 
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b) 7 Day old VTES/SDS: The emulsion VTES/SDS at 7 days of age deposited a 
film that was more continuous across the surface than the film produced by the 
younger emulsion. Figure 109A is an overview of the film and shows that the film 
has a high level of coverage, but was not consistent across the entire surface. Figure 
109B has a more uniform appearance, but defects are visible. When magnified more 
features become apparent (Figure 109D) and the film appears thick with cracks.  
 
  
  
  
Figure 109: SEM images of films made from the VTES/SDS emulsion at 7 days old. A) FOV 
= 2.4 mm, B) FOV = 80 µm, C) FOV = 40 µm, D) FOV = 12 µm, E) FOV = 80 µm, and F) 
FOV = 1.2 µm. 
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Figure 109C shows thick sections of globular film is present between the sections of 
flat film. theses globular sections would be similar to the profile image in Figure 
109F shows a thin film (28 ± 25 nm). The thinness of the film may explain the low 
polarisation resistance of 680 Ω.cm2.  
 
c) 21 Day old VTES/SDS: The emulsion VTES/SDS at 21 days of ageing, deposited 
a film that has a recurring structure in Figures 110 A, B and C. The film appears 
thick and flat (no scratches visible). The film also has numerous cracks easily seen in 
both Figures 110 B and C. The profile image in Figure 110D reveals that the cracks 
were hollow and a lot bigger below the surface than appears in the topographical 
images. However, the cracks in the film do not go all the way to the zinc surface 
since the average film thickness of 65 ± 27 nm and the minimum thickness measured 
was 30 nm. This consistent film coverage would be contributing to the high 
polarisation resistance of 1330 Ω.cm2 (for VTES films), which was significantly 
better than the younger emulsions. 
 
  
  
Figure 110: SEM images of films made from the VTES/SDS emulsion 21 days old. A) FOV = 
240 µm, B) FOV = 40 µm, C) FOV = 12 µm, and D) FOV = 1.2 µm.  
A 
C 
B 
D 
4.5: Morphology of Films by SEM Analysis 
 Kristina Eriksson-Scott Page 198 
 
The ageing of the emulsion VTES/SDS had a significant influence on the 
deposited film. The evenness of the film coverage increased as the depositing 
emulsions aged. The features became more consistent across the surface with the age 
of the emulsions, but cracks were present in all films.  
 
4.5.5 Thickness Measurements of VTES Films on Zinc 
The thickness values measured for the films containing VTES are shown in 
Table 34. VTES often produces very thin films that were difficult to detect via the 
profile method used. The VTES films produced from the at 1 day old emulsions had 
large sections of uncovered substrate, since the average thickness measurements for 
the films produced by the emulsions were all below the error in measurement (see 
Table 34) and .  
 
 
Table 34: Thickness measurements of films (nm) made from films produced from VTES 
emulsions 
Emulsion  1 day 7 Days 21 Days 
VTES/water 
Minimum (nm) 3.4 15 4.7 
Maximum (nm) 440 60 190 
Average (nm) 8.2 32 28 
Standard deviation (nm) 8.0 15 33 
VTES/L35 
Minimum (nm) 6.4 30 5.1 
Maximum (nm) 11 570 150 
Average (nm) 8.0 180 25 
Standard deviation (nm) 1.7 15 25 
VTES/F108 
Minimum (nm) 5.0 50 40 
Maximum (nm) 14 100 150 
Average (nm) 9.6 68 63 
Standard deviation (nm) 1.8 14 25 
VTES/SDS 
Minimum (nm) 7 2.6 34 
Maximum (nm) 160 120 152 
Average (nm) 47 28 65 
Standard deviation (nm) 37 25 27 
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Films produced from the 7 day old emulsions were generally thicker films 
(see Table 34, except VTES/SDS which produced a thinner film). The emulsions 
VTES/L35 produced a considerably thicker film at 7 days, corresponding to the 
higher film resistance. Further ageing of the emulsion VTES/L35 produced a thinner 
film. VTES/water and VTES/F108 stayed around the same thickness and the 
emulsions VTES/SDS produced a film that was thicker on day 21. 
 
 The thickness of the films had some influence on the polarisation resistances, 
because both films that had resistance values above 1000 Ω had thick films. 
VTES/L35 at day 7 produced a film that was 180 nm thick with a polarisation 
resistance of 1840 Ω.cm2. VTES/SDS at day 21 produced a film that was 65 nm thick 
with a polarisation resistance of 1330 Ω.cm2. Thick films did not always produce a 
good film, the emulsions from VTES/F108 produced porous thick films, which had 
bad corrosion protection.  
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4.5.6 Morphologies of the MPTMS/Surfactant Films on Zinc 
4.5.6.1 Morphology of the Films Prepared from the MPTMS/L35 Emulsion 
a) 1 Day old MPTMS/L35: The emulsion MPTMS/L35 deposited a film at 1 day of 
age that was patchy, but features were similar across the surface (Figure 111A). The 
features consisted of particles causing thicker bits of film to agglomerate around 
them (Figure 111B) which was similar to MPTMS/water at 1 day of age.  
  
  
  
Figure 111: SEM images of films made from the MPTMS/L35 emulsion at 1 day old. A) FOV 
=2.4 mm, B) FOV = 800 µm, C) FOV = 24 µm, D) FOV = 240 µm, E) FOV = 2.4 µm, and 
F) FOV = 1.2 µm. 
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Figure 111C shows a thin underlining film, with a small amount of thicker film with 
some particles in it. The last feature was a large section of thick smooth film with 
particles in it (Figure 111D). The profile images show the contrast in thickness 
between film profiles at different locations. The Profile in Figure 111E is of a thin 
film region with globular features clearly visible. The profile in Figure 111F is a 
thick straight section of film likely to be from a region similar to that seen in Figure 
111D. The average film thickness was 83 ± 100 nm, with a minimum thickness of 12 
nm. As with MPTMS/water the high polarisation resistance of 104,900 Ω.cm2 must 
be due to the continuous film present between the major film sections. 
 
b) 7 Day old MPTMS/L35: The emulsions MPTMS/L35 at 7 days of age, deposited 
a featureless film that was not entirely flat. The scratch in Figure 112A showed that 
the film was present. Figures 112B and C are of different sections of film and both 
show a consistent film coverage.  
  
  
  
Figure 112: SEM images of films made from the MPTMS/L35 emulsion at 7 days old. A) 
FOV = 2.4 mm, B) FOV = 24 µm, C) FOV = 60 µm, and D) FOV = 800 nm. 
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The profile in Figure 112D shows the thinness and flatness of the film, which is 
consistent with the average film thickness of 52 ± 16 nm. Although the film had 
become more continuous, the film resistance decreased from 104,900 Ω.cm2 to 
39,000 Ω.cm2, indicating a decline in the film quality that is not visible in the SEM 
images. 
c) 21 Day old MPTMS/L35: The emulsion at 21 days of aged deposited a film that 
varied in thickness and had many defects (Figure 113A).  
  
  
  
Figure 113: SEM images of films made from the MPTMS/L35 emulsion at 21 days old. A) 
FOV =2.4 mm, B) FOV = 240 µm, C) FOV = 80 µm, D) FOV = 24 µm, E) FOV = 2.4 µm, 
and F) FOV = 1.2 µm. 
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Figure 113B shows the variation in film thickness as well as significant defects. 
Figures 113 C and D show that the film was flat in some regions and similar to the 
film deposited at 7 days. The profile images showed that there was a large variation 
in thickness of the film, where the average film thickness was 96 ± 74 nm. Figure 
113E shows a thin flat film and Figure 113F shows a thin film following the contour 
of the zinc. The resistance value did not reduce significantly between 7 and 21 days 
(39,000 Ω.cm2 to 37,700 Ω.cm2), indicating a similar quality film to that of the 
younger emulsion. 
 
As the emulsion of MPTMS/L35 aged from one day to 7 days the deposited films 
went from patchy to uniform. Further ageing from seven days to twenty-one days 
produced a film with defects and inconsistent thickness. The film produced at 1 day 
had a thin continuous film (not visible). This film was likely to have a higher density, 
which could give higher polarisation resistances [10, 125]. Ageing of the emulsions 
led to a lower polarisation resistance. The thicker continuous film deposited at 7 days 
of emulsion age may have been made up of siloxane oligomers that would not be 
able to form the thin dense continuous film deposited at 1 day of emulsion ageing. 
4.5.6.2 Morphology of the Films Prepared from the MPTMS/F108 
Emulsion 
a) 1 Day old MPTMS/F108: The film deposited from the emulsion MPTMS/F108 
has an even distribution of irregular circular structures. The circular features average 
6 µm in diameter, but ranged between 3 µm and 10 µm in diameter. The features can 
be seen in Figures 114 A, B, C and D, which also shows there was film in between 
the raised features. Figures 114 B and C show there was some aggregation of the 
circular features and Figures 114 D and E show a wavy feature within the raised 
section, which is a characteristic of the Pluronic surfactant F108. The circular 
sections could be caused by secondary F108 micells, due to the concentration being 
70 times the CMC. The profile image in Figure 114F shows the thickness of the 
underlying film as well as a raised section in the film, which gave an average film 
thickness of 120 ± 24 nm.  
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Figure 114: SEM images of films made from the MPTMS/F108 emulsion at 1 day old. A) 
FOV =800 µm, B) FOV = 240 µm, C) FOV = 40 µm, D) FOV = 12 µm, E) FOV = 12 µm, 
and F) FOV = 1.2 µm. 
 
Figure 114F also shows a slight roughness to the film of which can also be 
seen in Figure 114D. This film had low polarisation resistance values (compared to 
other films deposited from MPTMS emulsions) with a polarisation resistance of 
39,000 Ω.cm2. The film morphology cannot explain this low resistance. 
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b) 7 Day old MPTMS/F108: The film made by MPTMS/F108 at 7 days of age was 
very similar to that of the film made by the emulsion at 1 day  of age, as seen by the 
images in Figure 115. However, this film has large number of particles in the film, 
averaging 260 nm in diameter. The particles ranged between 160 nm and 540 nm in 
diameter. The irregular circles were evenly distributed and averaged 7 µm in 
diameter, but ranged between 2 µm and 10 µm in diameter (similar to that of the film 
deposited at 1 day).  
 
  
  
  
Figure 115: SEM images of films made from the MPTMS/F108 emulsion at 7 days old. A) 
FOV =800 µm, B) FOV = 240 µm, C) FOV = 40 µm, D) FOV = 12 µm, E) FOV = 12 µm, 
and F) FOV = 1.2 µm. 
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The circular features were less circular in shape than the features deposited from the 
younger emulsion. The secondary structure shown in Figure 115E was also 
indicative of films from the F108 surfactant. The profile image in Figure 115F shows 
that the film was thick and has a globular structure, however many other sections of 
film were thick flat and uniform. The average film thickness was 130 ± 14 nm. The 
resistance value for this film was higher that the film deposited from the 1 day old 
emulsion. One explanation is that the particles in the film may be increasing the film 
resistance [133, 170, 210]. 
 
c) 21 Day old MPTMS/F108: The film deposited from MPTMS/F108 at 21 days of 
ageing was similar in appearance to the films deposited by the younger emulsion as 
seen in Figure 116A and B. The defects were evenly distributed, but were not 
circular in shape (Figure 116C). Although evenly distributed, the feature still 
aggregates slightly (see Figures 116 B and C). These sections average 6 µm in width, 
but vary in size from 2 µm to 17 µm (slightly larger, but similar to the feature in the 
younger films). The particles present in the film were larger with an average 
diameter of 500 nm, ranging between 300 nm and 900 nm. There was a roughness 
associated with the film (Figure 116D) and a higher magnification revealed spheres 
and cracks in the film and cracks can (Figure 116E). The spherical structures were 
similar to those seen in the pilot study containing MPTMS and F108. The particles in 
the pilot study (18 ± 3 nm and 80 ± 11 nm) were different to the particle size ( 46 ± 9 
nm) measured for the spheres in this film. The profile image in Figure 116F shows a 
film with uniform thickness with a feature protruding on the surface. Although the 
average film thickness was 340 ± 200 nm, the resistance value was only 
22,000 Ω.cm2, which is low for MPTMS films. This reduction in polarisation 
resistance would be due to the higher porosity in the film caused by the defects and 
the cracks. 
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Figure 116: SEM images of films made from the MPTMS/F108 emulsion at 21 days old. A) 
FOV =800 µm, B) FOV = 120 µm, C) FOV = 40 µm, D) FOV = 12 µm, E) FOV = 4 µm, in 
between the raised features, and F) FOV = 2.4 µm. 
 
 The ageing of the emulsion MPTMS/F108 from 1 day to 7 days led to a slight 
distortion of the circular structures on the surface; however the underlying thick film 
remained uniform. Further ageing from 7 days to 21 days led to the circular features 
becoming significantly distorted and the underlying film having cracks leading to a 
porous film.  
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The morphology of the films shed light on the resistance values. Although the 
films produced at 1day and 7 days of age were similar, however the film produced at 
7 days had small quantities of small particles which led to a higher film resistance. 
Further ageing of the emulsion led to the production of a poor quality porous film 
being deposited on day 21, which had a low polarisation resistance. 
 
4.5.6.3 Morphology of the Films Prepared from the MPTMS/SDS Emulsion 
a) 1 Day old MPTMS/SDS: The film deposited from the emulsion MPTMS/SDS at 
1 day of age was patchy, non-continuous and disordered as seen in Figure 117A. The 
image in Figure 117B revels that there was a thin film present on the surface of the 
zinc between the patchy features. The images of the features in the film in Figures 
117 C and D showed that the film was rough, and Figure 117C also has a secondary 
structure that is magnified in Figure 117E. Figure 117E shows the structure contains 
particles and holes. It also has thin patches in the film, indicated by the scratch in the 
zinc visible near the label E. The profile in Figure 117F shows a thin uneven film. 
The average film thickness of 35 ± 19 nm with a minimum thickness of 8 nm could 
explain the polarisation resistance value of 66,800 Ω.cm2. 
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Figure 117: SEM images of films made from the MPTMS/SDS emulsion at 1 day old. A) 
FOV =2.4 mm, B) FOV = 24 µm, C) FOV = 240 µm, D) FOV = 120 µm, E) FOV = 12 µm, 
and F) FOV = 600 nm. 
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b) 7 Day old MPTMS/SDS: The film deposited by emulsion MPTMS/SDS at 7 
days of age coats the whole sample with a consistent film, which had small patches 
of thin film (Figure 118). The magnified film areas show a semi-flat appearance to 
the film in Figure 118B and smooth film edges with the thinner film sections in 
Figure 118C. The profile image in Figure 118D shows a flat film with uniform 
thickness. The average film thickness was 100 ± 52 nm and the thinnest sections of 
film were over 40 nm in thickness. The high surface coverage would be contributing 
to the higher polarisation resistance of 112,000 Ω.cm2.  
 
  
  
Figure 118: SEM images of films made from the MPTMS/SDS emulsion at 7 days old. A) 
FOV =240 µm, B) FOV = 24 µm, C) FOV= 60 µm, and D) FOV = 800 nm.  
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c)  21 Day old MPTMS/SDS: The film deposited by MPTMS/SDS at day 21 was 
not uniform or continuous as shown in Figure 119A. However Figure 119B is of the 
same region as Figure 119A but at 15kV rather than 2kV and there is a clear contrast 
difference seen between the images indicating the film was continuous.  
 
  
  
  
Figure 119: SEM images of films made from the MPTMS/SDS emulsion at 21 days old. A) 
FOV =2.4 mm, B) FOV = 120 µm, C) FOV = 40 µm, D) FOV = 80 µm, E) FOV = 24 µm, 
and F) FOV = 800 nm. 
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Figure 119C is a thicker section of film where the film has long thin lines on the 
surface. Figure 119D shows a section of film that has small globular features on the 
surface and the zinc surface can clearly be seen between the globules. The film in 
Figure 119E is thick and has holes and particles. The feature becomes thinner under 
the label E. The profile image in Figure 119F shows the film was flat with a uniform 
thickness, averaging 30 ± 10 nm in thickness and a minimum thickness of 12 nm. 
The decrease in uniformity could be contributing to the decrease in polarisation 
resistance. However, the morphology does not explain why the emulsion 
MPTMS/SDS produced a film at 21 days that was better than the film produced by 
MPTMS/water at 21 days. 
 
The ageing of MPTMS/SDS between one and seven days increased the film 
uniformity. Further ageing (between 7 days and 21 days) decreased the film 
uniformity. The high uniformity of the film produced at 7 days ageing would be 
contributing to the high polarisation resistance. 
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4.5.7 Thickness Measurements of MPTMS Films on Zinc 
 The films produced at 1 day emulsion ageing appeared to gain their resistance 
from their thin continuous film between the major structures, regardless of the 
structure of the thicker film. 
 
Table 35: Thickness measurements of films (nm) made from MPTMS emulsions 
Emulsion  1 day 7 Days 21 Days 
MPTMS/water 
Minimum (nm) 19 5.8 4.2 
Maximum (nm) 52 100 530 
Average (nm) 38 36 230 
Standard deviation (nm) 8.3 32 27 
MPTMS/L35 
Minimum (nm) 12 29 30 
Maximum (nm) 290 87 250 
Average (nm) 83 52 96 
Standard deviation (nm) 100 16 74 
MPTMS/F108 
Minimum (nm) 83 110 130 
Maximum (nm) 200 170 870 
Average (nm) 120 130 340 
Standard deviation (nm) 24 14 200 
MPTMS/SDS 
Minimum (nm) 7.9 40 12 
Maximum (nm) 77 210 50 
Average (nm) 35 100 30 
Standard deviation (nm) 19 52 10 
 
  It is likely that the polarisation resistance for these films (MPTMS/water, 
MPTMS/L35, and MPTMS/SDS) were governed by the surface reactions between 
the zinc and the MPTMS molecules. Silanol content would also be contributing to 
the decrease in resistance with the age of the MPTMS/water and MPTMS/L35 
emulsions, since both the silanes that had residue growth on the sample containers 
indicating a reduction in active silanols. MPTMS/SDS had the highest polarisation 
resistance for the film produced at 7 days of ageing. At 21 days of ageing, this film 
was thick uniform and continuous. 
4.6 Conclusion  
 Kristina Eriksson-Scott Page 214 
 
4.6 Conclusion 
The ageing of the silane emulsions were altered by the addition of surfactant. 
The different silanes aged differently and the surfactants affected the ageing 
differently. The polarisation resistance values were influenced mostly by the silane 
and the surfactants influence on the hydrolysis and condensation of that silane. 
However in the case of VTES and GPS where the polarisation resistance values were 
close to that of zinc substrate the coating uniformity and structure including the 
surfactant where a significant influence on film resistance 
 
The films deposited from the emulsions containing MPTMS had polarisation 
resistance values that were higher by between 40 and 200 times the resistance of 
zinc. Also the lowest pore resistance of an MPTMS film (MPTMS/F108 day 21 with 
21800 Ω.cm2) was around 12 times higher than the highest performing VTES 
(VTES/L35 day 7 with 1840 Ω.cm2) film and 15 times higher than the highest 
performing GPS film (GPS/F108 day 7 with 1480 Ω.cm2). The film thickness 
measurements varied greatly between deposited films giving not real trend between 
film thickness and pore resistance. However, considering the thinness of some of the 
MPTMS films and the high pore resistance recorded across all MPTMS films, the 
high polarisation resistance of the MPTMS films was clearly from hydrolysed 
MPTMS deposited on the zinc. The sheer difference in pore resistance across the 
films sets (GPS, VTES, and MPTMS) clearly shows that MPTMS creates a better 
corrosion resistant film than the other two silanes under the conditions used.  
 
The residue on the vials that was seen in some emulsions (VTES/water, 
VTES/L35, MPTMS/water and MPTMS/L35) shows the affect of loss of silane 
concentration on film morphology and resistance. The residue build up caused the 
polarisation resistance values to drop in the MPTMS emulsions. The polarisation 
resistance values of MPTMS were more influenced by the concentration of MPTMS, 
since the high polarisation resistance values come from the MPTMS molecule. 
Whereas the polarisation resistance values were low in the other two sets of 
deposited films so the silane concentration may be less important in those systems. 
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The appearance of the emulsion does not indicate the morphology of the film 
or the film resistance. The emulsions of GPS all appeared similar, in that they all 
remained clear over the 21 day ageing period. However, as the emulsions aged, the 
deposited films morphology changed significantly and polarisation resistance values 
changed slightly, more so with the Pluronic surfactants.  Indicating there were 
significant reactions occurring within the emulsion even though the emulsion did not 
appear to change. 
 
Emulsion ageing led to a more even film coverage in GPS/SDS, VTES/F108, 
VTES/SDS, MPTMS/L35, MPTMS/F108 and MPTMS/SDS. The films GPS/water 
and GPS/F108 started continuous and remained so, however defects formed in the 
older films.  
 
The surfactant L35 appeared to age (in most cases) in a similar way to the 
control silane emulsions containing no surfactant. The exceptions were: the case of 
GPS/L35, where the emulsions had the same appearance, but the morphology and 
polarisation resistance were different to MPTMS/water. The MPTMS/L35 emulsion 
had similar emulsion ageing observations, the polarisation resistance had a similar 
trend as MPTMS/water, but the deposited film morphology was different. 
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5 The Influence of Surfactants on the 
Kinetics of Hydrolysis and Condensation 
of Silanes 
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5.1 Introduction 
The reaction kinetics for the reactions of silanes in water is vital to design 
effective water based anti-corrosion coatings.  Unhydrolysed silanes were not 
effective at bonding to zinc surfaces, but hydrolysed silanes bond well to zinc 
surfaces [75, 217]. Once a silanol has condensed with another silanol, the active 
bonding site has been consumed [56, 87]. Therefore, there is an optimum period of 
activity for producing a coating from silanols on the zinc. Studying the reaction 
kinetics assist in determining the optimum period of activity. 
 
Additives such as surfactants may affect the reaction rate of hydrolysis and 
condensation reactions for silanes. The affect is important to know to control these 
reactions and the film formation. The results in chapters 3 and 4 showed significant 
differences in the films made on zinc by the emulsions of silanes of different ages. 
One contributing factor was the rate of hydrolysis and condensation. Almanza-
Workman et al showed surfactants alter the kinetics of hydrolysis of silanes in water 
[64]. It was likely that differences would be seen between the different emulsions. In 
this study, influence of surfactants on aqueous silane emulsions was studied using 
nuclear magnetic resonance (NMR) and gas chromatography-mass spectroscopy 
(GC-MS). The Hydrolysis reactions were investigated for a combination of one 
silane (either, GPS, VTES, MPTMS, or BTESPT) and one surfactants (either 
Pluronic L35, Pluronic F108, SDS or TTAB) and their respective control of silane in 
water without surfactant. The condensation reactions of GPS with either water, 
Pluronic L35, Pluronic F108 or SDS at either 0.1% or 2 % surfactant were studied 
too.  
 
5.2 Hydrolysis Reactions 
5.2.1 Methods for Hydrolysis 
The influence of surfactants on hydrolysis rates was tested on four silanes: 
GPS, VTES, MPTMS and BTESPT. Dichloromethane (DCM) extraction of reaction 
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emulsions coupled with GC-MS was determined to be the most appropriate method 
for measuring the hydrolysis rate constants for the silanes. 
 
A concentration of 4% GPS in water was chosen for NMR experiments, 
because GPS is water soluble. The surfactants used were two non-ionic surfactants 
(small molecular weight Pluronic L35 and large molecular weight Pluronic F108), a 
common anionic surfactant (SDS), and a cationic surfactant (TTAB). This set of 
surfactants cover a range of surfactant types. The condensation mechanism of 
GPS/TTAB was not studied, as preliminary experiments showed that precipitation 
for this emulsion occurred within the measurement time.  
 
The hydrolysis reactions that were monitored by the DCM extraction 
technique are given in Figure 120, where the concentration of ‘A’ at given times was 
determined. The main reaction proceeded from ‘A’ to ‘B’ but; the reaction from ‘A’ 
to ‘C’ is still possible and could contribute to the loss of starting material. GC-MS 
analysis detected other products formed in the emulsion.The concentrations of these 
by products were not determined since there are no standards available for partially 
hydrolysed intermediate silane species, or dimers and trimers made by condensation 
reactions of silanols. 
 
                                                     
Figure 120: Potential reactions for a silane, (A) to give either a hydrolysis product, (B), or a 
condensation product, (C). 
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5.2.1.1 Hydrolysis Rate Determination by Extraction 
 
The bulk surfactant emulsions were prepared with the concentrations shown in 
Table 36. The pre-weighed water and pre-weighed silane weights are shown in 
Tables 37 and 38. 
 
Table 36: Contents of surfactant solutions. 
Emulsion 
Surfactant 
(g) 
Water 
(g) 
Concentration % 
w/w 
Concentration 
(mM) 
CMC 
(mM) 
SDS 9.99 500.53 2.00 69.3 7-9 
TTAB 10.01 500.03 2.00 59.5 4-5 
L35 9.99 500.06 2.00 10.5 5 
F108 10.00 500.26 2.00 1.4 0.02 
0.1% SDS  0.1999 200.04 0.10 3.5 7-9 
0.1% L35  0.2001 199.87 0.10 0.53 5 
0.1% F108  0.2000 200.16 0.10 0.07 0.02 
 
 
Table 37: Masses of the lower concentration of 0.1% surfactant on the hydrolysis of GPS. 
silane Aqueous Mass of Silane (g) Mass of the Aqueous phase (g) 
GPS 0.1% SDS 1.6007 38.4002 
GPS 0.1% L35 1.5994 38.4016 
GPS 0.1% F108 1.6001 38.4025 
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Table 38: Experiments for studying hydrolysis with time (triplicate analyses Run 1, Run 2 
and Run 3 where Sm and Am are the masses of the silane and aqueous. 
sample Run 1 (g) Run 2 (g) Run 3 (g) 
Silane Aqueous Sm Am Sm Am Sm Am 
GPS water 1.6009 38.4005 1.5993 38.4028 38.4022 1.5994 
GPS SDS 1.6010 38.4008 1.6011 38.4030 1.5990 38.4033 
GPS TTAB 1.6023 38.4245 1.6002 38.5670 1.6029 38.3677 
GPS L35 1.6006 38.4177 1.5986 38.4086 1.6007 38.4060 
GPS F108 1.5991 38.4002 1.5996 38.4100 1.5993 38.4062 
MPTMS water 1.5999 38.4037 1.5998 38.4021 1.6010 38.4037 
MPTMS SDS 1.5996 38.4005 1.6004 38.4004 1.6009 38.3995 
MPTMS TTAB 1.6007 38.3988 1.5987 38.4441 1.5998 38.4311 
MPTMS L35 1.5998 38.4066 1.5994 38.4042 1.5995 38.4042 
MPTMS F108 1.6002 38.4052 1.5999 38.3994 1.5995 38.4000 
VTES water 1.5997 38.3999 1.5996 38.4032 1.5998 38.4017 
VTES SDS 1.5996 38.4028 1.5999 38.4001 1.6002 38.4019 
VTES TTAB 1.5999 38.4027 1.6009 38.4044 1.5999 38.4019 
VTES L35 1.6008 38.4093 1.5996 38.4017 1.6004 38.4014 
VTES F108 1.6005 38.4044 1.6003 38.4012 1.6008 38.4004 
BTESPT water 1.6003 38.4056 1.5999 38.4019 1.6001 38.4011 
BTESPT SDS 1.6002 38.4000 1.6008 38.4005 1.5995 38.4005 
BTESPT TTAB 1.6002 38.4077 1.6004 38.4008 1.5998 38.3999 
BTESPT L35 1.6010 38.4076 1.6000 38.4009 1.6009 38.4014 
BTESPT F108 1.6001 38.4000 1.6001 38.4000 1.6006 38.4009 
 
 
5.2.1.2 Hydrolysis Measured by NMR 
 
The NMR experiments were performed on a 400 MHz Bruker Avance NMR 
spectrometer at 298 K with a 5 mm BBO probe. 
1
H NMR was used to monitor the 
hydrolysis kinetics of GPS/water and GPS/deuterium emulsions. Each spectrum was 
averaged over four scans with a recycle delay plus acquisition time set to 8 s between 
the start of each experiment. Shimming values for the hydrolysis measurements were 
predetermined by shimming with similar samples to reduce the time between mixing 
and the NMR experiments. The methoxy peak of γ-GPS occurs at 3.6 ppm and 
methanol peak after hydrolysis at 3.36 ppm. The sum of both the methoxy and 
methanol peaks were integrated and normalised to 100% for each reaction time. The 
mole percentage was plotted against time to find the hydrolysis reaction rate 
constants. 
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5.2.2 Hydrolysis Data Analysis 
The rate of hydrolysis was determined by plotting both first and second order 
rate equations. It was found that the concentrations of silane as a function of time 
gave a linear fit to a first order rate equation. Thus, the rate constant, k1, was 
determined by: 
 
                                                                Equation 18 
 
where     is the concentration of silane with time and      is the initial concentration 
of silane. The was reaction was expected to be pseudo-first order kinetics, since 
pseudo-first order kinetics have been found in emulsions that have a low 
concentration of silane content and a very large concentration of water [50]. The 
solutions tested were approximately 96% water. The concentration of water (about 
53 M) was approximately constant and would have been incorporated into the value 
for the rate constant. In the case that the water concentration is low, the rate becomes 
a second order reaction as there is less water available to react [50].  
  
An example of the data fitting to find the rates of hydrolysis is shown in 
Figure 121. The first order rate equation is a good fit for all of the data sets (see 
Section 8.3.2:  Appendix C). 
 
 
Figure 121: The first order rate equations found for the data measured for the hydrolysis of 
GPS/F108.  Run 1 (blue diamond♦), run 2 (maroon square■), and run 3 (green triangle▲). 
The equation for each trendline is show and corresponds to the representative colour. The 
slope of the trendline gives the    value for each individual experiment.  
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The rate constants for the hydrolysis reactions of the silanes are shown in 
Table 39. The table also shows the hydrolysis rate of 4 % GPS in water or deuterium 
oxide. 
 
Table 39: Rate constants of hydrolysis and relative rate constants for the different emulsions 
of the four silanes. 
Emulsion k1 (min
-1
) × 10
3 
Rate % compared to silane/water Analysis Method 
GPS/water 140 ± 7  NMR  
GPS/D2O 110 ± 6  NMR 
GPS/water 817 ± 30 100  GC-MS 
GPS/ L35 771 ± 45 94  GC-MS 
GPS/0.1% L35 760.2 ± 8.0 93  GC-MS 
GPS/F108 564 ± 23 69  GC-MS 
GPS/0.1% F108 722.6 ± 7.6 88  GC-MS 
GPS/SDS 2230 ± 98 273 GC-MS 
GPS/ 0.1%  SDS 798.5 ± 8.4 98 GC-MS 
GPS/TTAB 368 ± 19 45  GC-MS 
VTES/Water 3.7 ± 1.0 100  GC-MS 
VTES/L35 4.95 ± 0.55 134  GC-MS 
VTES/F108 1.15 ± 0.22 31 GC-MS 
VTES/SDS 187.8 ± 10.3 5086 GC-MS 
VTES/TTAB 8.064 ± 0.052 218 GC-MS 
MPTMS/Water 7.31 ± 0.58 100  GC-MS 
MPTMS/L35 21.7 ± 2.78 297  GC-MS 
MPTMS/F108 8.150 ± 0.088 111  GC-MS 
MPTMS/SDS 259.2 ± 7.7 3544  GC-MS 
MPTMS/TTAB 7.68 ± 0.46 105  GC-MS 
BTESPT/Water 0.25 ± 0.080 100 GC-MS 
BTESPT/L35 0.564 ± 0.070 225 GC-MS 
BTESPT/F108 0.202 ± 0.094 80  GC-MS 
BTESPT/SDS 2.44 ± 0.43 970 GC-MS 
 
5.2.2.1 Comparison of Hydrolysis Rates with Literature 
The rate constant for the hydrolysis of GPS was faster than that found in 
literature (Table 40). The aqueous GPS hydrolysis measurements reported vary 
between a very slow reaction to a very fast hydrolysis reaction, (see Table 40). The 
slowest reaction of 8.3 × 10
-4
 min
-1
 [51] was orders of magnitude slower than most 
reported rates. Their reaction was done in neutral conditions which would slow the 
reaction down significantly, as opposed to acidic conditions reported by others.  
5.2 Hydrolysis Reactions 
 Kristina Eriksson-Scott Page 223 
 
 
 
Table 40: GPS hydrolysis rate in water comparison with published data. 
 
Method 
Hydrolysis rate  
(min
-1
) 
Silane concentration (%) Solvent 
Temperature 
C 
pH buffer reference 
H NMR 8.3× 10
-4
 min
-1
 1% D2O NR Neutral NR [51] 
FT-NMR 
aliquots of bulk 
0.05 1% D2O NR NR NR [50] 
H NMR Aliquots of bulk 
0.07 1% 
H2O 
 
25C 
 
5 acidic acid before silane addition [88] 
0.1 8% 
C NMR 
Si NMR 
H NMR 
0.03
1
 2% 
26%/74% D2O/H2O 
 
26 C 5.4 Dilute Citric acid, sodium hydroxide  [49] 
GCMS aliquot extraction 0.8
1 
4% H2O 20 C 4 Not used This study 
1 Measurement of the first step of the hydrolysis, NR is not reported 
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The hydrolysis of 1% GPS in D2O has been reported to have a rate constant 
of 0.05 min
-1 
[50], which was similar to the 0.07 min
-1 
found for 1% GPS and 0.1 
min
-1 
for 8% GPS in water at pH 5 [88].  
 
De Buyl et al. [49] reported a hydrolysis rate of 0.026 min
-1
 for the hydrolysis 
step A B (see Figure 120), which is 10 times slower than measured in this study. 
De Buyl et al. used a pH that was buffered at pH 5.4 and a water-deuterium 
emulsion. In contract, a pH of 4 was used in this study, which results in a more acidic 
environment and this catalyses the hydrolysis reaction [24]. Therefore the rates 
determined in this study for the GPS/water emulsions are compareable to the data 
reported in literature. 
 
Table 41: Measured hydrolysis rate constants of silane/water emulsions. 
 
Silane Hydrolysis rate (min
-1
) × 10
3
 
GPS/water                 817 ± 30 
MPTMS/Water                7.30 ± 0.58 
VTES/Water                  3.7 ± 1.0 
BTESPT/Water                0.25 ± 0.08 
 
 
M. -C. Brochier Salon et al. [94] studied a range of hydrolysis reactions of 
silanes in an emulsion containing 80:20 ratio of d6-ethanol:deuterium oxide. M. -C. 
Brochier Salon et al. found that MPTMS in a neutral emulsion had less than 3% 
hydrolysis over 24 hrs, with a 50% loss in 6 hrs in alkaline conditions (including 
precipitation) . on the other hand the same study found that MPTMS in acid had a 
50% loss in concentration in 20 min with the silane completely disappearing within 2 
hrs.   
 
Another study used 2% MPTMS, 3% D2O and 95% deuterated ethanol [48]. 
they found complete hydrolysis at pH 4 was achieved in 6 hrs  (hydrolysis rate of  
2.74 × 10
-3
 min
-1
) , at pH 7 took 46 days (hydrolysis rate of  4.93 × 10
-5
 min
-1
) and at 
pH 10 took 3.5 hrs (hydrolysis rate of 3.98 × 10
-3
 min
-1
) [48]. The rate of 4.93 × 10
-5
 
min
-1
 at pH 7 in MPTMS/water/ethanol is much slower than what was found in this 
study, which used a MPTMS/water emulsion at pH 7 and had a hydrolysis rate 
constant of 7.16 ×10
-3
 min
-1
. This difference is likely due to the high concentration of 
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ethanol used by Scott et al. [48], since addition of ethanol has been shown to slow 
down hydrolysis rates [43, 88]. 
 
One study on particle preparation by Q. Qu et al. [96] (using similar mixing 
conditions to this study, mixing at 115 rpm using 2 % MPTMS in water with 0.001% 
-0.003% ammonia) showed that MPTMS required 12 hrs hydrolysis time before 
catalysts were added to the emulsion to obtain monodisperse particles. The 12 hrs 
hydrolysis time of MPTMS in water agrees with the results of this study (see Table 
41).  
 
Silane solubility may also play a role in the rate of hydrolysis. GPS is soluble 
in water and has the fastest hydrolysis rate constant, whereas MPTMS and VTES are 
mono-silanes that are not very soluble in water and have smaller rate constants. 
MPTMS has a mercapto group which makes it more dispersible as an emulsion [103] 
and VTES has a vinyl group that makes the VTES molecule more hydrophobic. 
Finally, the BTESPT is a large molecule that is hydrophobic. This silane separates 
quickly after agitation ceases and its hydrophobicity may decrease the rate of 
hydrolysis. The hydrolysis should be slower for hydrophobic molecules since the 
molecules would orientate themselves to have the least contact with water. This 
decreases the concentration of the alkoxy bonds in the proximity of water and would, 
in turn, decrease the hydrolysis rate. 
 
In this study the hydrolysis reactions of the different silanes without 
surfactant had significantly different hydrolysis rate constants as shown in Table 41 
and Figure 122. This was expected, as significantly different rate constants for 
different types of silanes have been reported [87, 94]. The hydrolysis of GPS/water 
was incredibly fast in comparison to the other silane hydrolysis rates. When 
comparing the control experiments on silanes (i.e. those which did not include 
surfactants). The rate constant for GPS/water was 2 orders of magnitude faster than 
MPTMS/water. In contrast, VTES/water had a rate constant around half that of 
MPTMS/water. The emulsion with the slowest hydrolysis rate constant was 
BTESPT/water with a rate constant one order of magnitude slower than 
MPTMS/water and VTES/water. 
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5.2.3 Change in Hydrolysis Due to Surfactants  
The influence of the surfactants on the rate of hydrolysis in the silane 
emulsions was different for each emulsion. In all cases the emulsions prepared with 
SDS have a significantly increased rate of hydrolysis. The presence of Pluronic L35 
increased the rate of hydrolysis for three silanes (VTES, MPTMS and BTESPT), but 
not as much as the increases caused by SDS. Pluronic F108 decreased the rate of 
hydrolysis in the emulsions containing GPS, VTES and BTESPT. Finally, TTAB 
decreased the rate for emulsions of GPS and BTESPT, but increased the rate in 
VTES and MPTMS. It is clear that the surfactants were having a major influence on 
the rate of the hydrolysis reaction.  
 
 
 
Figure 122: The rate constants measured for hydrolysis of silanes in either water or 
surfactant emulsion. Silane/2% L35 (    ), silane/2% F108 (    ), silane/2% SDS (    ), 
silane/2% TTAB (    ) and silane/water (    ).Note TTAB is not shown since not rate constant 
could be determined. 
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5.2.3.1 Surfactant Influence on GPS Hydrolysis Rate Constants 
 
The hydrolysis for the control emulsion (water/GPS) was fast with the GPS 
hydrolysing at a rate of 0.817 ± 0.30 min
-1
. The addition of SDS increased the rate 
hydrolysis, but the addition of the other surfactants decreased the hydrolysis rate. 
The pH of the GPS had a consistent pH 4, except GPS/TTAB, which had a changing 
pH from pH 5 to pH 8. There were major differences in hydrolysis rate between the 
GPS/surfactant emulsions even though the pH values were similar. The pH of the 
emulsions do not explain the differences in rate constants for any of the GPS 
emulsions other than GPS/TTAB. 
 
 
Figure 123: The effect of surfactant concentration on the rate of hydrolysis of GPS 
emulsions: GPS/water (diagonal striped line (    )), 2% surfactant (black (■)) and 0.1% 
surfactant (grey (■)).Note the rate constant for 0.1% TTAB was not determined. 
 
The 2% SDS surfactant greatly increased the hydrolysis rate constant, where 
the rate was nearly 3 times that of GPS/water as shown in Figure 123. The lower 
concentration (0.1% SDS) had the same reaction rate constant as GPS/water. The 
critical micelle concentration (CMC) of SDS is 8-9 mM (depending on temperature) 
[218]. The 2% SDS has a concentration about eight times higher than the CMC, 
whereas the 0.1% SDS/GPS is less than half the concentration of the CMC. The SDS 
molecules in the 0.1% emulsion were not likely to be forming micelles, instead the 
SDS molecules would likely be hydrated salts [111]. Therefore it can be said that 
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micelles of the anionic surfactant (SDS) appeared to increase hydrolysis rates of 
GPS. 
 
As expected, the two non-ionic Pluronic surfactants had a different effect on 
the hydrolysis rate than SDS had. The large Pluronic surfactant, F108, significantly 
decreased the rate of the hydrolysis, whereas L35 had little effect on the hydrolysis 
rate at both concentrations. The 2% F108 decreased the rate constant by 31% and the 
GPS/0.1% F108 by 12% in comparison to GPS/water. The emulsions prepared with 
2% L35 were 2 times the CMC, and those from 2% F108 were 60 times. The lower 
concentration of Pluronic surfactants, 0.1% L35 was 10% of the CMC and 0.1% 
F108 would have 3 times the CMC. Again the emulsions forming micelles were 
having a larger affect on hydrolysis. The difference in PEO content (84% for F108 
and 58% for L35) of the surfactant molecules, the size of the surfactants (14600 
g/mol for F108 and 1914 g/mol for L35), and micelle content are some of the factors 
contributing to the differences seen.  
 
The presence of 2% TTAB had a major effect on hydrolysis rate, decreasing 
the hydrolysis rate in the first 10 min by 55% in comparison to the control. The pH 
of the GPS/TTAB emulsion also changed from acidic (pH 5) to basic (pH 8) over a 
period of 30 min. The pH influenced the hydrolysis as basic solutions also increase 
hydrolysis rate constants [10, 60, 219]. It should be noted that the majority of the 
hydrolysis reaction for this emulsion occurred in a near neutral in the pH range. The 
change in pH was not likely to be due to epoxy ring opening (a reaction of the 
glycidoxy group that occurs when GPS is in contact with water described further in 
Section 5.3.2), since this reaction was slow and takes hours to occur [49, 87]. The pH 
change that occurred during hydrolysis occurred within 30 min, and therefore, pH is 
the most likely contributor to the decrease in the hydrolysis rate constant. 
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5.2.3.2 Surfactant Influence on VTES Hydrolysis Rate Constants. 
 
  The hydrolysis rate constants of VTES/surfactant emulsions all increased in 
comparison to VTES/water, except for Pluronic F108. This surfactant decreased the 
rate by 58% compared to VTES/water. SDS caused the largest change, increasing the 
rate of hydrolysis to approximately 50 times the rate of VTES/water.  
 
The rate of hydrolysis for the VTES/L35 emulsion was 1.3 times faster than 
VTES/water. This contrasts with the addition of F108, which decreased the rate of 
hydrolysis by 69%. Considering there was a very large size difference between the 
surfactant molecules F108 and L35 and the PEO:PPO ratio (where F108 is 82.5% 
PEO and L35 is 50%), it is likely that the surfactant L35 was decreasing the surface 
tension at the interface of the VTES droplets and the water, making hydrolysis more 
favourable. However, F108 (being a very large molecule that has two large 
hydrophilic sections) was likely to be reducing the access of water to the VTES 
molecules in the micelles, making hydrolysis less favourable. However, without 
knowing how the Pluronic surfactants were interacting with VTES in the emulsions, 
the mechanism cannot be determined.  
 
The final VTES emulsion (VTES/TTAB) did not change the pH of the 
emulsion and increased the rate of hydrolysis to 2.2 times than that of VTES/water. 
Since pH cannot account for the change of rate (VTES/water was pH 7 and 
VTES/TTAB was pH 7), there are two other options. The quaternary ammonia on the 
TTAB surfactant may be catalysing the reaction or the interfacial tension was 
lowered making the VTES molecule more accessible to water. 
 
There were many factors controlling hydrolysis of VTES/surfactant 
emulsions. The pH of the emulsion is always a factor with silane emulsions [55, 88], 
however the pH changes do not reflect the rate changes of all the emulsions (see 
Tables 39 and 46). L35 and SDS have reductions in pH that relate to the increase in 
hydrolysis rate. On the other hand F108 decreases in pH but the hydrolysis rate also 
decreases. The addition of TTAB does not change the pH, but the hydrolysis rate 
increases. Therefore, it can be concluded that pH changes do not explain all the 
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changes in hydrolysis rate constants. This indicates that other processes and reactions 
may be a greater influencing factor in the hydrolysis rate than anticipated. 
 
5.2.3.3 Surfactant Influence on MPTMS Hydrolysis Rate Constants 
Two of the four surfactants influenced the rate of the hydrolysis of MPTMS 
in water. MPTMS/F108 and MPTMS/TTAB had rates that were the same as 
MPTMS/water (within error), whereas MPTMS/L35 was 3 times faster than 
MPTMS/water and MPTMS/SDS was 35 times faster. The surfactant L35 caused a 
small decrease in pH from pH 7 (MPTMS/water) to pH 6 (MPTMS/L35), which was 
unlikely to cause the 3 times increase in hydrolysis rate. The use of SDS decreased 
the pH significantly to pH 3.5 (VTES/SDS), which was likely to cause a much faster 
hydrolysis rate. However, the pH was also decreased in MPTMS/F108 to pH 5 and 
only an insignificant increase in hydrolysis rate was observed. This indicates a more 
complex mechanism was at play, rather than the hydrolysis being dependant on a 
simple change in pH.  
 
MPTMS normally disperses in water as emulsion droplets due to the 
amphiphilic nature of the silane [103, 220] (the mercapto group on one end and the 
hydrophobic alkoxy group on the other). If dispersions were occurring, the 
interactions of the surfactant would be competing with, or aiding in, the production 
of emulsion droplets. With alkoxy groups inside the emulsion droplet, diffusion of 
water molecules into the emulsion droplets become the controlling factor in the 
hydrolysis rate. 
 
The surfactants L35 and SDS influenced the kinetics of hydrolysis of 
MPTMS in water, however no significant change in the hydrolysis rate occurred as a 
result of the introduction of either F108 or TTAB. This indicates that L35 and SDS 
are interacting with the MPTMS molecules and that a pH change is not the only 
cause of the change in hydrolysis rate. 
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5.2.3.4 Surfactant Influence on BTESPT Hydrolysis Rate Constants. 
The rate of hydrolysis of BPESPT was influenced significantly by the 
addition of surfactants. The addition of TTAB made the emulsion reaction too slow 
to measure reliably as there was no change in concentration of silane over a three 
week test period. The inclusion of F108 reduced hydrolysis rate by 20% to 2.2 × 10
-4
 
min
-1
 The introduction of L35 increased the hydrolysis rate by 2.3 times that of 
BTESPT/water. The SDS surfactant addition increased the rate by 10 times the rate 
of BTESPT/water. 
 
The pH of the systems could be contributing the hydrolysis rate of the 
emulsions BTESPT/L35 and BTESPT/SDS, since the pH reduced in both emulsions. 
The pH of the emulsion BTESPT/water was pH 7, the pH of BTESPT/L35 was pH 
6.5 and the pH of BTESPT/SDS was pH 3-4. The hydrolysis rate increased more for 
the system with the lower pH, showing the pH change was contributing to the 
changing hydrolysis rate. 
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5.2.3.5 Summary of Surfactant Influence on Hydrolysis Rate Constants of 
Silanes. 
The addition of Pluronic L35 to the silane emulsions increased the rate of 
hydrolysis for three of the four emulsions (see Figure 124), usually accompanied by 
a slight decrease in pH.  The Pluronic L35 surfactant had little effect on the GPS 
hydrolysis or pH. In contrast, the addition of Pluronic F108 decreased the hydrolysis 
rate in all emulsions except MPTMS, which decreased slightly in hydrolysis rate. 
The bulky surfactant encasing the silane molecules (reducing access of water to the 
silane) could account for the decreased reaction rates. This notion is supported by the 
lack of change in the MPTMS emulsion hydrolysis rate when F108 was added, as 
well as the reports that MPTMS forms emulsion droplets in water. Thus the 
reduction in hydrolysis rate of the other emulsions would be related to the emulsion 
dynamics and diffusion.  
 
 
Figure 124: The change in rate caused by the addition of Pluronic surfactants: L35 (grey 
(■)), or F108 (White (   )). The dotted line represents where the rate the silane/water control 
would be.   
 
In all cases, the presence of SDS increased the rate of hydrolysis (Figure 125) 
and the emulsions were acidic at around pH 4. This increase in the GPS/SDS 
hydrolysis rate was only 2.7 times that of GPS/water, which also had a pH of 4. The 
pH testing method has an inherent error of pH ± 0.5, therefore, it is possible that the 
pH of GPS/SDS was slightly lower than that of GPS/water. This could mean all the 
SDS emulsions were influenced by a reduction in pH. 
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Figure 125: The change in rate caused by the addition of ionic surfactants: SDS (Black), or 
TTAB (purple). The dotted line represents where the rate the silane/water control would be. 
Note the scale is logarithmic to include the SDS rates.   
 
The addition of TTAB had differing results. It decreased the rate in 
GPS/TTAB by increasing the pH through neutral to basic conditions over the course 
of the hydrolysis reaction. TTAB also decreased the rate of BTESPT significantly, 
but had no influence on its mono silane version (MPTMS). The rate of hydrolysis 
was increased in VTES/TTAB. This demonstrates there are very complex 
mechanisms at play in the emulsions containing TTAB. 
 
The addition of surfactants into aqueous silane emulsions changed the 
hydrolysis rate of the emulsion. The emulsions were clearly very complex and to get 
a true understanding of the mechanisms involved, numerous advanced techniques 
would need to be utilised. Techniques such as small angle neutron scattering, small 
angle x-ray scattering, and NMR diffusion experiments would give good data on the 
emulsion behaviour. However, isotope labelling would be required if NMR diffusion  
is used, since the only suitable atom in the silane emulsions is 
29
Si because it does 
not overlap the signals from the surfactants. 
29
Si has a slow relaxation time and is 
therefore not suitable for good for diffusion measurements.  
 
The hydrolysis results obtained through DCM extraction followed by GC-MS 
showed significant changes in hydrolysis rates and trends in behaviour. Thus, a 
further investigation into the kinetics of GPS influence by surfactants follows to 
increase understanding of the emulsions. 
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5.3  Condensation Kinetics Studied by NMR 
5.3.1 NMR Methods 
NMR was used to investigate the condensation reactions of GPS in the 
presence of surfactants. The assessment of the effect of surfactants on condensation 
reactions of silanes was limited to the water soluble GPS. Studies on MPTMS/water 
and MPTMS/TTAB were attempted, but the emulsions formed precipitete during 
experiments changing the concentration of NMR active species. These experiments 
with GPS/TTAB were not continued. The experiments were conducted as described 
in Section 2.1.3. 
 
There are limitations to using DEPT, since the polarization efficiency or 
coupling constant between CH2 and 
29
Si changes as hydrolysis and condensation 
occurs [49, 221]. Figure 126 shows the possible hydrolysis and condensation 
pathways from silane to condensed siloxane network. As the reactions proceed the 
number of nearby hydrogen atoms decrease and the coupling constant changes. This 
is due to changes in the transfer of magnetisation. The different coupling constants of 
U-structures, M-structures, D-structures, and T-structures, prevent the amplification 
of the signal for all these structures in one experiment [221]. Thus, a choice must be 
made as to which structures to measure in the NMR experiments. 
 
In this study, the decision was made to focus on the uncondensed species and 
M-structures, which allowed for greater differentiation between the different M-
structures (M1, M2 and M3) as hydrolysis and condensation occurred. This reduced 
the signal for D-structures and T-structures. The signal was further reduced by peak 
broadening of the 
29
Si signal, which occurs as a result of condensation.  
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Figure 126 : The possible mechanistic pathways for silane hydrolysis and subsequent 
condensation reactions [56, 87]. U structures (uncondensed species) are assigned to the 
silanes that are monomers and have no siloxane bonds, hydrolysis occurs from U1 to U4, if 
condensation occurs prior to full hydroxylation, hydrolysis can still occur on M-structures 
and D structures. The M-structure is assigned to silane mono substituted silicon atoms, there 
are three possible M structures (M1, M2 and M3) named for the degree of hydrolysis. 
D structures are di-substituted and have two siloxane bonds and finally the T-structure has a 
tri-substituted silicon atom.  
 
5.3.2 Analysis of Condensation 
As all the components of reactions of GPS remained soluble in water 
throughout the experiment, thus the sum of the peak intensities was equal to 100%. 
Therefore the total integrals were normalised to equal 100. The chemical shift of the 
silicon atom is a function of the environment surrounding the atom. The peak 
assignments for the spectrum in Figure 127 correspond to the schematic in Figure 
126, where the U-structures are at -38.1 ppm and X-structures at -38.0 ppm (see 
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Figure 128). The M-structures are between -47 to -48 ppm, with M1 at -47.74, M2 at 
-47.6 and M3 at -47.5 ppm, which are shown in more detail in Figure 130B. The D-
structures appear between -55 to -60 ppm and the T-structures of GPS were expected 
to appear between -65 to -70 ppm, but were not detected during the experimental 
period of 3 months. 
 
 
 
Figure 127: The 
29
Si spectra of GPS/water condensation over time showing M, X, D and T 
structures over the period of 2 months. 
 
The GPS molecule has a secondary reaction associated with the glycidoxy 
group. The epoxy ring in the GPS molecule opens when dissolved in water [49, 222]. 
This ring opening occurs at the same rate that the peak at -38.0 ppm grows in the 
29
Si-NMR spectra during the condensation measurements [49]  (determined by 
1
H 
NMR and 
13
C NMR in literature). This data shows the peak at 38.0 ppm is associated 
with the epoxy ring opening reaction (some potential structures for these compounds 
are in Figure 128), and these compounds are referred to as X-structures. NMR is 
receptive to the location of atoms in a molecule and only the one peak at 38.0 ppm is 
associated with the ring opening reaction. Therefore if molecule C forms then the 
molecules A and B cannot be forming, or if either A or B are forming then molecule 
C cannot be forming.  
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Figure 128: Possible X-structures associated with the peak at -38.0 ppm. The green lines 
indicate the bonds that have formed to create the chemical shift. The symbol ≡ represents 
either –H, -Si, or -R, as these are possible bonds in the molecules. 
 
There is also speculation as to whether the change in chemical shift is due to 
inter- or intra-molecular bonding [49]. It is more likely that inter-molecular bonds 
were forming since the X-structures were a forming as a product and not as an 
intermediate [49, 87]. They increase in concentration until they reach equilibrium 
and then no reduction in concentration occurs. Since inter-molecular bonds were 
short-lived, it is likely that structures held together by intra-molecular forces would 
be consumed as equilibrium conditions change. Therefore, it is more likely that the 
peak is generated by inter-molecular bonds (see Figure 128), which is in accordance 
with F. Beari, et al [87]. For this reason, the increase in concentration of X-structures 
will be considered condensation products that decrease the active silanol content of 
the emulsion by consuming active bonding sites.  
 
The peaks corresponding to U, M and X structures were narrow and well 
defined as shown in Figure 127. The reaction of GPS/water was followed via 
29
Si 
NMR and the reduction in U-structures was determined. The reduction in U-
structures agreed with what was reported in other studies, where it took about 2 
months for condensation to occur [49, 50]. The formation of X-structures with time 
also agrees with data reported by Beari et. al. [87].  The peak integrals from the D-
structures had a low signal to noise ratio, and thus, were poorly resolved from the 
baseline. As a result of the low signal to noise ratio, the data related to D-structures 
can only be viewed qualitatively. The signal weakening caused by the peak 
≡ 
≡ 
≡ ≡ ≡ 
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broadening and magnetisation transfer issues resulted in no evidence of T-structures. 
The literature shows D- and T-structures should be present in the condensation of 
GPS/water [49, 83, 87]. Due to these limitations, the normalisation was not 
representative of the whole array of silanols present in the emulsion. As a result, the 
active silanol content of the emulsion can’t be calculated. However, the choice of 
optimising to the U-structures meant that the three structures that make up the M-
structures could be analysed individually to get a greater understanding of the 
condensation process. 
 
5.3.3 Condensation Kinetics of GPS in Water 
The result of 
29
Si-NMR monitoring of GPS/water is shown in Figure 129 and 
the evolution of the peaks with time are shown in Figure 129A. Fitting the kinetic 
data of all the experiments was attempted using both first and second order rate 
equations, even though second order reaction rates were expected for silane 
condensation reactions[55]. Neither first nor second order kinetics fit well to the 
data. This is likely due to the many competing reactions that give rise to the changes 
in concentrations of the species involved in the reactions (see Figure 126). As a 
result, the kinetics are very complicated and none of the reactions were slow enough 
to be a rate determining step. For instance, an apparent reduction in the formation 
rate of an intermediate species can come from either an actual reduction in rate of 
formation, or from the consumption of the intermediate to form other species. This 
complicates the calculations of the reaction rate constants, since there is no a rate 
determining step in the reaction. With so many pathways for the silane to become a 
silanol (from U1 to T- structure in Figure 126 on page 238), it is a very difficult 
deconvolution process to determine the different rate constants from all the 
dependant reactions that are dependent on each other. Therefore, only semi-
quantitative analysis could be performed to determine mechanistic information for 
these reactions in the study. 
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Figure 129: The evolution of peaks during the hydrolysis and condensation of GPS/water. A) 
The progression of U-structures and X-structures with time. and B) The related peak 
progression with time of U-structures (●), M-structures (▲) and X-structures (■).  
 
As expected, the hydrolysis was fast. The starting material (U1) was 
consumed within the first hour of the reaction. After this time, other U-structures 
were detected and they reached maximum concentration at approximately two hrs 
from the start of the reaction, after which they decreased rapidly. The consumption of 
the U-structures decreases in rate over time, levelling off around 1000 hrs (42 days). 
The peaks associated with the M-structures and X-structure start to appear after 2 
hrs. The M-structures reached a maximum concentration around 500 hrs (21 days), 
after which they slowly start decreasing. The X-structures were observed to increase 
in concentration throughout the 3-month testing period. The changes to the 
condensation reactions caused by the addition of surfactants will be compared to the 
GPS/water condensation behaviour described here. 
 
 
Figure 130 : A) The evolution of M-structures in the emulsion GPS/water. M1 (▲), M2 (●), 
and M3 (■), and B) The peaks associated with M1, M2 and M3 structures. 
 
A B 
A B 
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The three different peaks making up the M-structure peaks are clearly visible 
in the spectrum in Figure 130B and these peaks correspond to the M-structures 
shown in Figure 126 on page 238. They consist of a silanol analogue attached to 
another silanol, which has two other reactive bonds that are either alkoxy or hydroxyl 
groups. The different combinations of these groups make up the three structures. M1 
has two alkoxy groups, M2 has one of each group, and M3 has two hydroxyl groups. 
The formation of all three species indicates that condensation was occurring before 
complete hydrolysis had occurred. It is generally accepted that the reaction moves 
towards condensation products in aqueous environments [49, 56, 87], therefore, M2 
and M3 must have formed before hydrolysis was completed.  The evolution of the 
M-structures in Figure 130A shows that the composition of the M-structures peaks 
were dominated by either M2 or M3 structures throughout the experiment. The first 
M-structure peak to appear was the M2 peak that relates to the structure containing 
one alkoxy group and one hydroxyl group. This peak formed rapidly 2 hrs after the 
reaction was started. This rapid formation was likely to be from condensation of 
partially hydrolysed silane-di-ol species condensing via the reaction pathway ‘β’ in 
Figure 131 (although the ‘Y’ reaction may have been occurring resulting in a loss of 
alcohol). The rapid increase in concentration of M2 reaches its maximum at 260 hrs 
(see Table 42), followed by a reduction in concentration. The second peak to appear 
was M1, which contains two alkoxy groups. M1 started to form within 5 hr but only 
formed to a low maximum concentration of 7 percent at 290 hrs, after which it 
started reducing in concentration and levelled out around 800 hrs. The last M-
structure peak to appear was M3, which contains two hydroxyl groups. It started to 
appear 30 hrs after the reaction had started and formed at a moderate rate. The rate of 
formation was contributed to, by both the hydrolysis of M2 species and the 
condensation of U4 species.   
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Figure 131: A more detailed reaction scheme showing how M-structures form, this 
mechanistic pathway ignores the probability of condensation occurring via the loss of 
alcohol. 
 
 
 Well resolved peaks for the M-structures peaks allowed analysis of the 
evolution of the individual M-structures with time. The influence of surfactants on 
the rates of condensation is apparent, as appreciable differences can be seen between 
the GPS/surfactant emulsions and GPS/water. In general, all emulsions follow a 
similar trend to that described above and shown in Figure 129. The reactions of 
GPS/surfactant are described in terms of how the different peak evolution with time 
differ to that of GPS/water (see Section 5.3.3:Condensation Kinetics of GPS in 
Water).   
 
5.3.4 Surfactant Influence on Condensation Mechanisms of GPS in Water 
 The addition of surfactants changed the rate of the hydrolysis and 
condensation in the different emulsions.  The surfactant concentrations of 0.1% 
surfactant had negligible effect on the rates, but there were significant differences for 
the emulsions containing 2% surfactant (as also seen in the previous Section 5.2.3 
Change in Hydrolysis Due to Surfactants). The evolution of the different species are 
shown in Figure 132  to Figure 134 and the related data is summarised in Table 42.  
 
                        M1                               M2                              M3 
X Y Z 
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Table 42: Comparison chart of concentration maxima and first appearance of peaks. 
Emulsion 
U-structures  
(% at 800 hrs) 
M-structures  
(Max %, time (hr)) 
M1  
(Max %, time (hr)) 
M2  
(Max %, time (hr)) 
M3  
(First seen (hr)) 
M3  
(% at 800 hrs) 
X-structure  
(% at 800 hrs) 
**GPS/water 8 52% 490 hr 7% at 290 hr 27% at 260 hr 20-30 29 34 
**GPS/ 2%L35 7 48% 480 hr 8 % at 890 hr 28% at 140-310 hr 5-10 
22 
 
25 
*GPS/ 0.1%L35 8 52% 610 hr 7% at 490 hr Max 26 % at 60-160 hr 30-40 25 30 
*GPS/ 2%F108 10.5 
56% 
530 hr 
7% at 530 hr 29% at 190 hr 70 25 27 
**GPS/ 0.1%F108 12 
56% 
600 hr 
9% at 340 hr 
 
30 at 260 hr 50 25 32 
GPS/2%SDS 8.5 58% 580 hr 8% at 60- 90 hr 34% at 140 hr 30-40 31 35 
*GPS/0.1%SDS 11 52% 430 hr 9% at 430 hr 29% at 160 hr 35 27 29 
* D-structures were visible, ** D-structures were just visible 
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5.3.4.1 The Influence of L35 on the Reaction Kinetics of GPS 
The difference in the rate of change in concentrations of intermediates for 
GPS emulsions including the surfactant L35 is shown in Figure 132. Differences 
between the rates of reaction in GPS/water and GPS/L35 are clearly visible in the 
rates of formation of M and X structures, more so with the higher concentration of 
2% surfactant. The addition of L35 reduced the amounts of M-structures and X-
structures formed and increased the amount of condensation in regards to the loss of 
U-structures, which can be seen around 2000 hr in Figure 132A. This decrease in 
concentration coincides with the appearance of D-structures that were just detected 
around 2000 hrs (Table 42). The reduction in the formation of X and M structures 
would indicate a reduction in condensation, however, the loss rate of the U-structures 
remains high indicating that the condensation products were forming less visible D-
and T-structures. This is supported by the detection of D-structures (see Table 42).  
 
 
Figure 132: The evolution of peaks during the hydrolysis and condensation of GPS/L35, 
0.1% (blue) and 2 % (red) compared to water (black). A) The evolution of X-structures (▲), 
M-structures (■), and U-structures (●), and B) The evolution of M-structures, M1 (▲ dotted 
line), M2 (● dashed line) and M3 (■solid line). 
 
The formation of the M-structure peaks (M1, M2, and M3) were changed by 
the surfactant L35, and even more so at the 2 % concentration. The formation of M1 
was increased in comparison to GPS/water and the rate of formation of M3 was 
reduced. The lack of decrease in M1species (two alkoxy groups) and the significant 
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 It can therefore be concluded that the addition of L35 to the GPS emulsion 
increased the condensation reaction kinetics. The rates of formation of M-structures 
and X-structures were reduced, and the U-structure concentration loss rate was still 
high. This indicated that condensation into D-and T-structures was increasing by the 
addition of L35 via the consumption of M2 and M3 species.  
 
5.3.4.2 The Influence of F108 on the Reaction Kinetics of GPS 
The addition of F108 at different concentrations had varying effect on the rate 
of change in intermediate concentration. The 0.1% concentration had little effect on 
the rate of U-structure disappearance; however, it significantly decreased the amount 
of M-structures and X-structures formed. The 2% concentration for the first 500 hrs, 
had little effect on the rate on M-structure formation, but slowed down the formation 
of X-structures and the loss of U-structures slightly. After 1000 hrs the loss of U-
structures in the GPS/water has reached equilibrium and has little decrease in U-
structure concentration thereafter, however, the emulsion containing 2% F108 
continues to decrease in concentration of U-structures. The decrease in U-structures 
after 1000 hrs for the 2% emulsion coincides with the appearance of D-structures, 
indicating that F108 promotes the formation of oligomers.  
 
 
Figure 133: The evolution of peaks during the hydrolysis and condensation of GPS/F108, 
0.1% (blue) and 2 % (red) compared to water (black). A) The evolution of X-structures (▲), 
M-structures (■), and U-structures (●), and B) The evolution of M-structures, M1 (▲ dotted 
line), M2 (● dashed line) and M3 (■solid line). 
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Following the progression of the component peaks in the M-structures (see 
Figure 133B), there was a slight decrease in the formation of M1 species caused by 
2% F108. The concentration of M1 products continues to grow until it reached the 
6% maximum value similar to that of GPS/water.  The addition of F108 increased the 
amount of M2 species formed (more so with 0.1%) and decreased the amount of M3 
formed (more so with 2%).  
 
F108 changed the reaction kinetics, however, the addition of the lower 
concentration 0.1% F108 had a larger influence on the condensation rates as opposed 
to 2% F108. This indicates that the higher surfactant concentration has different 
interaction with GPS molecules than the lower surfactant concentration. The 
concentration of 0.1% F108 was 3 times the CMC and caused a significant decrease 
in condensation in the species available to analyse. The appearance of D-structures 
after 1000 hrs indicates the emulsions containing F108 have an equilibrium where 
more condensation products were present than in the control emulsion. 
 
5.3.4.3 The Influence of SDS on the Reaction Kinetics of GPS 
The SDS surfactant influenced the kinetics by increasing the rate of 
condensation; however, the effect was reduced significantly by lowering the 
concentration of surfactant. The 0.1% SDS had little effect on the kinetics, as it 
showed results similar to the GPS/water emulsion. The formation of each of the 
intermediate species for the GPS/SDS emulsions is shown in Figure 33.  
 
The rate of the loss of U-structures was faster in the 2% SDS emulsion than 
in GPS/water; however, between 200 and 500 hrs it was slower than GPS/water. This 
period of higher U-structure concentration, coincides with a decrease in X-structure 
formation as seen in Figure 134A. However, the concentration of X-structures 
increased dramatically (compared to GPS/water) after 500 hrs. The rate of M-
structure growth rate increased, resulting in a higher maximum concentration of M-
structures in the GPS/SDS emulsion.  
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Figure 134 : The evolution of peaks during the hydrolysis and condensation of GPS/SDS, 
0.1% (blue) and 2 % (red) compared to water (black). A) The evolution of X-structures (▲), 
M-structures (■), and U-structures (●), and B) The evolution of M-structures, M1 (▲ dotted 
line), M2 (● dashed line) and M3 (■solid line).  
 
The evaluation of the M-structure component evolution shows a faster rate of 
initial growth of M1 and M2 species (shown in Figure 134B) indicating an increase 
in the rate of hydrolysis. It is speculated that this occurs via the reaction ‘X’ in Figure 
131 on page 244 which is condensation via the loss of alcohol. As the experiment 
time increased to over 1000 hrs, the increasing concentration of X-structure species 
consumed the remaining U-structures. This indicates that the decrease in U-structure 
concentration was not caused by the formation of the D-structures and T-structure 
oligomers (see Table 42). 
 
The evolution of the components of the M-structures is shown in Figure 
134B. The M1 species has a maximum of 8% at 60 hrs, which decreased in 
concentration to 2% at 800 hrs as opposed to 5-7% seen in the other emulsions at 800 
hrs. This was likely due to 2% SDS increasing the probability of the hydrolysis of 
M1 species to M2 species. The M2 species peak had a maximum concentration of 
34% at 140 hr (7 mole percentage higher than GPS/water), and decreased thereafter. 
After 30 hrs, the M3 species starts to form at the same rate as the control emulsion, 
however, more M3 was formed than in the GPS/water emulsion.  
 
SDS increases the rate of condensation by increasing the formation of 
M-structures and X-structures. The condensation app ears to reduce the D-structures 
and T-structures, as these were not visible in the characterisation. This cannot be 
confirmed because there was a high level of noise associated with the detection of 
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the D-structures in the other systems. The concentration of the surfactant was 
important in changing the rates of condensation, as the increase in condensation rates 
was not seen in the 0.1% SDS emulsion.  
  
5.3.5 Summary of the Reaction Kinetics of GPS  
The addition of surfactants had a significant effect on the condensation 
mechanism for these aqueous silane systems. By investigating the relative 
concentrations of the M-structures, it could be established that the surfactants 
changed the favoured mechanistic pathways from U1 to T-structure. This was seen 
by the different growth rates of M1, M2, and M3 species. Acquisition of this detailed 
information would not have been possible without the J-coupling optimisation to the 
less condensed structures. Unfortunately, the peak broadening of larger species 
coupled with a reduction in magnetisation transfer efficiency meant that the other 
condensation products (D and T-structures) were not able to be detected in these 
experiments and thus not quantifiable. The addition of L35 and F108 decreased the 
formation of X and M structures with a likely increase in condensation to the D and 
T-structures. A higher concentration of L35 led to a larger change in rate, however 
the higher concentration of F108 did not have the same effect. The addition of SDS 
increased the condensation of M and X-structures, which may have led to a decrease 
in the formation of D and T-structures. 
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5.4 Hydrolysis and Condensation Conclusions 
 
 The kinetics of a range of silanes was investigated using DCM extraction 
followed by GC-MS analysis and NMR spectroscopy. The DCM extraction was 
found to be a good method to analyse the influence of surfactants on hydrolysis of 
silanols in aqueous emulsions. It should be noted that as the timescale increased, the 
error margins increased. Therefore this method should be limited to emulsions with a 
rate constants faster than 1 ×10
-4
 min
-1
.  
 
The 
1
H NMR experiments confirmed that the rate constants of hydrolysis 
measured by DCM extraction were reliable and showed that using D2O instead of 
water has no effect on the kinetics. The 
29
Si-NMR gave information on the 
condensation of GPS by monitoring the changes in rate constant measured for 
different species. By optimising the DEPT parameters to the U-structures, the three 
individual peaks from the M-structures were distinguished from each other (M1, M2, 
and M3). This information shed light on the mechanisms related to M- and X-
structure concentrations and their progression over time. Unfortunately, the 
additional information came at a cost. The concentration of D- and T-structures with 
time could not be assessed.  It was possible to obtain information on the influence of 
the surfactants on the rate of oligomer growth from the data.  
 
Both the type of silane and surfactant were shown to be major factors in the 
hydrolysis process. Significant differences in hydrolysis rates were measured for the 
different silane emulsions. The fastest rate of hydrolysis was from the emulsion 
GPS/SDS and the slowest recorded rate was from the emulsion BTESPT/F108.  
 
Adding SDS to the silane emulsions increased the rate of hydrolysis 
significantly in all emulsions. The addition of L35 increased the rate of hydrolysis 
marginally in all emulsions except GPS/L35. This emulsion did not change 
significantly, but had a rate constant similar to that of GPS/water. The rate of 
hydrolysis was decreased by the addition of F108 in all emulsions except MPTMS. 
This emulsion showed little to no change in hydrolysis rate. Finally, the addition of 
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TTAB decreased the hydrolysis rate in GPS and BTESPT, increased the rate for 
VTES and had little effect on the hydrolysis rate of MPTMS.  
 
The different effect the Pluronic surfactants (F108 and L35) have on the 
reaction rate shows that the size and PEO:PPO ratio was critical in their interaction 
with silanes during hydrolysis and condensation. More information is needed on the 
influences of the PEO:PPO ratio to tailor the surfactants to meet a desired effects. 
 
NMR was used to give information on both hydrolysis and condensation 
reactions of these silane systems. The formation of different M-structures leads to the 
conclusion that GPS starts condensing before full hydrolysis of the silane had 
occurred. This indicates that full hydrolysis was not complete with in a short time as 
expressed by hydrolysis results. The formation of X-structures in the GPS/water 
emulsion occurred at a similar time to the decrease in M2 structures, indicating that 
the formation of X-structures may be related to the reduction in M2 structures.  
 
The hydrolysis results to the NMR condensation results. It was found that the 
surfactant had little effect on the rate of hydrolysis of GPS/L35, but increased the 
rate of condensation. The surfactant slowed down both the hydrolysis reaction of 
GPS/F108 and the formation of M- and X-structures. However, the 2 % emulsion 
had a greater influence on hydrolysis and a lesser effect on condensation in 
comparison to the 0.1% F108. The surfactant increased the rates for GPS/SDS of 
both the hydrolysis and the formation of M- and X-structures (significantly more 
with 2% SDS). This led to the notion that there was likely a reduction in the 
formation of D- and T-structures. The analysis of the hydrolysis and condensation of 
aqueous silane emulsions has shown that the emulsions have a multitude of reactions 
occurring that are very complex. 
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5.5 Emulsions Kinetics Comparison  
5.5.1 Hydrolysis Comparisons  
The hydrolysis of GPS was complete within 24 hours for all the systems. The 
fast hydrolysis of GPS relates well with the photos of the emulsions as they aged 
because they did not change significantly, between 1 day and 21 days. The film 
comparisons with the hydrolysis and condensation of GPS with surfactants will be 
described in more detail in Section 5.5.2. 
 
The VTES/water mixture produced films for which the polarisation resistance 
decreased with deposition age. VTES/L35 hydrolysed faster but had the best film at 
day 7, which at a rate of 4.95 ± 0.55 × 10
-3
 min
-1
 would have no starting material left 
after this time. There was only 0.1% of the initial starting material left after 24 hours 
(see Table 43), indicating that the highest silanol content should be around 24 hours. 
The emulsion VTES/SDS had a much faster hydrolysis rate compared to 
VTES/water and produced its best film on day 21. The emulsion VTES/F108 had the 
slowest hydrolysis rate and only 80% of the VTES molecules had hydrolysed before 
the first film deposition, however only films with poor polarisation resistance were 
produced by these emulsions. The data on the emulsions containing VTES and the 
films produced, confirms that the film resistance values are more dependent on the 
film morphology than the silanol content.  
 
Table 43:Calculation of remaining starting material at 24 hrs, based on rate constant and 
starting concentration, VTES was the only silane (excluding BTESPT) that still had starting 
material remaining at 24 hrs.. 
Emulsion/mixture 
Rate constant 
(×10
3 
min
-1
) 
Remaining starting material after 24 hrs 
(%) 
VTES/water 3.7 ± 1.0 0.5 
VTES/L35 4.95 ± 0.55 0.1 
VTES/F108 1.15 ± 0.22 19.2 
 
 
The hydrolysis of the emulsion F108/MPTMS was similar to the  
MPTMS/water, but the resistance values of the films produced by MPTMS/F108 did 
not follow the same trend as the films produced by MPTMS/water. The emulsions 
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MPTMS/L35 had a faster hydrolysis rate compared to the emulsion MPTMS/water 
and produced a film that had a lower film resistance at each deposition age. If the 
rate of condensation was also increased then the active silanol content would be 
lower than water at each stage of film production. The emulsion MPTMS/SDS had a 
significantly increased hydrolysis rate, but the film produced by the emulsion 
MPTMS/SDS had the highest resistance at day 7. The film produced after 24 hours 
(by MPTMS/SDS) had a lower polarisation resistance to that produced by 
MPTMS/water at 24 hours, indicating a much more complex mechanism is involved 
for the emulsions of MPTMS/SDS.  
 
By comparing the hydrolysis rates of the emulsions to the films produced by 
the emulsions, this gave further clarity into what was affecting the resistance values 
of the films produced. 
 
5.5.2 Kinetics of GPS Compared with Films made From GPS 
The surfactant F108 slowed down hydrolysis of GPS, but these emulsions 
would have still been fully hydrolysed by deposition at 24 hours. The reduction in 
hydrolysis meant that there were less silanols to self condense. The condensation of 
the GPS/F108 had significantly more uncondensed silanol molecules (U-structures) 
present in the emulsion (90%) compared  the GPS/water emulsion (77%, see Table 
44). The high silanol content at 24 hours can’t be the only reason for the higher film 
resistance of the film GPS/water produced at 1 day of emulsion aging. This is 
because the film resistances were similar for the films produced from the emulsion 
GPS/F108 at day 1 and day 7 and the U-structure concentration decreased from 90% 
to 50% over that time (see Table 44). 
 
Table 44: The film polarisation resistance values and concentration of uncondensed silanol 
molecules (U-structures) at 1 day, 7 days and 21 days. 
Days Polarisation Resistance (Ω.cm
2
) U-Structures (mole %) 
 water  L35 F108 SDS water  L35 F108 SDS 
1 431 1090 1440 700 77.4 77.1 90.1 74.1 
7 680 680 1480 780 39.7 40.7 50.4 40.35 
21 530 690 870 766 13.9 12.9 14 18.25 
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The emulsions GPS/L35 produced its best film (2
nd
 highest polarisation 
resistance for GPS films) on day 1. It has a slightly slower hydrolysis rate than the 
emulsion GPS/water, but had a similar U-structure concentration. On day 21 
GPS/L35 gave a film with a slightly higher resistance value compared to the film 
produced from GPS/water, but had a slightly lower concentration of U-structures.  
 
The surfactant SDS sped up the hydrolysis reaction of the GPS molecule 
significantly but the emulsion produced films with polarisation resistance values that 
did not change with the age of the depositing emulsion. Each film produced by the 
emulsion GPS/SDS was slightly higher in polarisation resistance than the films 
produced by GPS/water, but the U-structure concentration was lower than GPS/water 
at day 1 and day 7.  
 
By comparing the hydrolysis and condensation rates to the polarisation 
resistance values, a greater clarity into the surfactants affect on the systems was 
obtained. The GPS emulsions (GPS/surfactant and GPS/water) compared with the 
polarisation resistance of the films produced as the emulsions aged, showed that the 
silanol content was not influential on the film resistance values.  
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6.1 Conclusion and Future Work 
The study of various trialkoxysilanes (silanes) for inhibition of corrosion is a 
growing field due to the need to find environmentally friendly alternatives to the 
chromium(VI) conversion coating. Silane films prevent corrosion via passivation, by 
preventing the corrosive ions reaching the zinc It is important to study how these 
films prevent the corrosion of zinc, because chromating is used heavily in the 
galvanising industry. An alternative solution to chromating will see a reduction in 
risk to human health and a reduction of heavy metals in the environment. Silanes are 
not very stable in water, therefore most silane mixtures reported are ethanol or 
metanol based. The use of ethanol makes the silane mixture less appropriate for 
industrial application. The work health and safety risks associated with the use of 
methanol and ethanol prevents the widespread adoption of silane based coatings. 
Increasing the stability of silanes in water would allow the silane technology to be 
applied to mainstream industry. One method suggested for increasing silane stability 
in water was by using surfactants. 
 
In this study the possibility of using surfactants to stabilise trialkoxysilanes in 
water was tested to provide an alternative to the industrial use of chromium (VI) or 
ethanol (or methanol) based silanes. A pilot study tested basic stability of several 
silane emulsions. These emulsions were used to prepare coatings on zinc. The film 
resistances were measured to give information about the potential for using these 
coatings to inhibit corrosion of zinc. In addition dynamic light scattering (DLS) was 
used to determine the size distributions of the silane emulsions and to give clarity on 
the stability of these emulsions. The films were evaluated by scanning electron 
microscopy (SEM), atomic force microscopy (AFM) and electrochemical impedance 
spectroscopy (EIS). The pilot study was followed by a comprehensive study 
comparing the effects of system ageing on the films produced from 16 different 
silane emulsions/mixtures. The performances of the films were evaluated by SEM 
and EIS. Hydrolysis rate constants of 23 silane mixtures were determined by gas 
chromatography - mass spectroscopy (GC-MS) and the condensation determined by 
silicon nuclear magnetic resonance spectroscopy (NMR)of γ-
glycidoxypropyltrimethoxysilane (GPS) in 7 different surfactant mixtures. 
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The pilot study surveyed six different silanes and 18 surfactants, which 
included 14 non-ionic surfactants (seven A-B type and four Pluronic) and four ionic 
surfactants (two cationic and two anionic). The stability and deposited films on zinc 
of different emulsions was also examined. Mixed surfactant systems were also tested 
to determine if a combination of surfactants would be beneficial to emulsion stability 
and the films produced from those emulsions. The results showed that there were 
dramatically different effects for the different surfactants used. 
 
The pilot study results also showed any increase in silane emulsion stability 
was dependent on both the individual surfactant and concentration. The ionic 
surfactants showed the greatest potential as stabilisers of emulsions of silanes 
followed by the Pluronic surfactants. Dynamic light scattering results showed that 
the silane emulsions were very complex and that monomodal systems were generally 
more stable. The polarisation resistance values measured for showed that MPTMS is 
a silane with great potential for use as a water based mixture for corrosion protection. 
MPTMS/water produced a film on zinc with a polarisation resistance of 
12600 Ω.cm2. The results also showed that some surfactants decreased the film 
polarisation resistance (VTES and MPTMS) and other surfactants increased the 
measured polarisation resistance (VTAS/SHS and BTESPT/TTAB). Mixed 
surfactants produced a number of films with high polarisation (for films made from 
emulsions 500 days old) resistance values with the 3rd and 4th best films made from 
emulsions 500 days old. The mixed surfactants showed that in some cases, mixtures 
of surfactants were synergetic. 
 
For the comprehensive study, films were produced from emulsions of 
different age to see how the addition of surfactants changed the film characteristics.  
Sixteen emulsions were made to produce films at three different ageing times (1 day, 
7 days and 21 days). The emulsions were made from one surfactant and one silane. 
The silanes used were GPS, VTES, and MPTMS and the surfactants used were 
Pluronic F108, Pluronic L35 and SDS. The performance of these films was 
compared to those from just silane and water. The films were evaluated by SEM and 
EIS and the results were compared to visual changes in the mixtures. 
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Film characteristics and visual assessment of the aged silane emulsions, 
showed that both the emulsions and films were altered by the addition of surfactant 
The corrosion resistance of the films decreased as the emulsions aged for the silane 
and water emulsions. The films deposited from the mixtures containing MPTMS had 
polarisation resistance values that were higher by at least 40 times the resistance of 
the zinc substrate, and two films had a polarisation resistance higher than 200 times 
that of zinc. The film thicknesses of the emulsion produced from MPTMS/surfactant 
emulsions were similar to the films deposited by the emulsions of both 
VTES/surfactant and GPS/surfactant and the film morphology had similar variability 
across all film produced. Therefore, the high polarisation resistances of the MPTMS 
films must be from the MPTMS molecules interacting with the zinc, making the 
concentration of silane, silanols and siloxanes in the emulsion very important. More 
research is needed to evaluate which surfactants would be most effective. Mixed 
surfactants are also likely to be of interest in these tests.  
 
The films made from the emulsions of MPTMS/surfactants had large 
variations in film morphology that did not correlate well to the resistance data. This 
indicates that the changes that are occurring to give the excellent polarisation 
resistance are more likely to be due to interactions of the surface with the sulphur 
group rather than condensation reactions between the silanols and the hydroxyl 
groups on the zinc surface. In contrast, the films made from emulsions containing 
either VTES of GPS had morphologies that correlated well the resistance values. The 
low polarisation resistances given by coatings of these silanes means that changes in 
morphology can have a significant effect on the film resistances.  
 
The introduction of SDS as a surfactant to prepare silane emulsions increased 
the usable period of MPTMS to over three weeks as it produced the film with the 
highest resistance at 21 days (82,000 Ω.cm2). The emulsion consisting of 
MPTMS/SDS produced a film at 7 days of emulsion aging which had a polarisation 
resistance of 112,000 Ω.cm2, which is similar to the polarisation resistance of the 
film produced by MPTMS/water at 7 days of ageing (113,000 Ω.cm2). The presence 
of F108 made the coating more continuous across the substrate surface in all films 
produced, however the films produced from VTES/F108 and MPTMS/F108 (1 day 
and 21 days) emulsions showed poor corrosion resistance.  
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The addition of surfactants could have decreased the surface tension of the 
coating emulsions such that the emulsion mixtures wet the zinc substrate well. An 
alkaline cleaning solution was not used prior to the emulsion deposition. It would be 
worth testing the result of using an alkaline cleaning step to determine if better films 
could be achieved on zinc, but this outside the scope of this research.  
 
 
Many studies have shown that the incorporation of cerium or lanthanum (salts 
or particles) into silane mixtures improved the corrosion protection delivered by the 
siloxane film. Further research into the effect of these additives on the stability of 
aqueous silane emulsions would need to be investigated and it would be expected 
that the coatings on zinc would have increased corrosion resistance. 
 
Information was gained into the molecular reactions occurring in the 
emulsions by following hydrolysis and condensation of silanes. Hydrolysis rate 
constants were determined for 19 silane systems by emulsion extraction followed by 
GC-MS. The 19 systems consisted of four different silanes (GPS, VTES, MPTMS 
and BTESPT) and four surfactants (Pluronic L35, Pluronic F108, SDS and TTAB) at 
2% concentration. Three more emulsions were studied and these were GPS and three 
surfactants (at 0.1% Pluronic L35, Pluronic F108 and SDS) to compare with the 
condensation results. The kinetics of the 19 systems were compared to the kinetics of 
the silane/water emulsions. 
 
The kinetics data showed that the rates of hydrolysis were greatly affected by 
the addition of surfactants. The fastest rate of hydrolysis was from the emulsion 
GPS/SDS with a rate constant of 2.23 min
-1
 and the slowest recorded rate was from 
the emulsion BTESPT/F108 with a rate constant of 2.02×10
-4
 min
-1
. The addition 
SDS increased the hydrolysis rate of all the emulsions and increased the hydrolysis 
rate of VTES by as much as 500 times the rate without the surfactant. The addition of 
L35 increased the rate of hydrolysis marginally in all emulsions except GPS/L35. 
This emulsion did not change significantly, but had a rate constant similar to that of 
GPS/water. The rate of hydrolysis was decreased by the addition of F108 in all 
emulsions (F108 decreased the rate of VTES by 70%) except MPTMS. 
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MPTMS/F108 had a similar hydrolysis rate to MPTMS/water. Finally, the addition 
of TTAB decreased the hydrolysis rate in GPS and BTESPT, increased the 
hydrolysis rate for VTES and had little effect on the hydrolysis rate of MPTMS.  
 
The condensation of GPS in 7 different systems was determined by silicon 
NMR to gain mechanistic information on the effect of silanes on condensation. These 
mixtures were 4% GPS in water and GPS in a mixture of 2% or 0.1% surfactant 
(Pluronic L35, Pluronic F108 and SDS). 
 
The condensation results showed subtle differences between the condensation 
of GPS/water and GPS/surfactant. These differences showed that the surfactants 
were changing the condensation mechanistic pathway towards a condensed siloxane 
network. The formation of X-structures in the GPS/water emulsion occurred at a 
similar time to the decrease in M2 structures, indicating that the formation of X-
structures may be related to the reduction in M2 structures. The GPS emulsions have 
a multitude of reactions occurring that are very complex. 
 
It was found that the surfactant L35 had little effect on the rate of hydrolysis 
of GPS, but increased the rate of condensation. The surfactant F108 slowed down 
both the hydrolysis reaction of GPS and the formation of M- and X-structures. 
However, the 2 % emulsion had a greater influence on hydrolysis and a lesser effect 
on condensation in comparison to the 0.1% F108. This slow hydrolysis rate and 
similar condensation rate led to a higher concentration of uncondensed species at 24 
hours after the reaction started. The concentration of U-structures at 24 hours was 
higher in the GPS/F108 emulsion (90% U-structures) than in GPS/water (77% U-
structures). SDS increased the rates for GPS/SDS of both the hydrolysis and the 
formation of M- and X-structures (significantly more with 2% SDS). This led to the 
notion that there was likely a reduction in the formation of D- and T-structures.  
 
The different effect the Pluronic surfactants (F108 and L35) have on the 
reaction rate of hydrolysis and condensation shows that the size and PEO:PPO ratio 
was critical in their interaction with silanes. More information is needed on the 
influences of the PEO:PPO ratio to tailor the surfactants to meet a desired effects. 
Techniques such as small angle neutron scattering, small angle x-ray scattering, and 
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NMR diffusion experiments (using isotope labelled silanes or surfactants) would 
give good data on the emulsion behaviour. The spatial arrangement of the silane 
molecules in emulsion could be determined giving information on whether the 
silanes are inside the emulsion droplets or move independently in the continuous 
medium. This would allow further increased understanding of the interactions of the 
silane with the surfactant. 
 
This research showed that aqueous emulsions of MPTMS show great 
potential for applications requiring a coating for corrosion protection of zinc, in 
particular MPTMS/SDS. Further research is required including industrial trials to 
examine other factors not examined in this project, before a commercial product 
could be formulated. 
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8.1 Appendix A- Pilot Study Data 
8.1.1  Dynamic Light Scattering Data 
 
Table 45: Emulsion droplet diameters (nm) of emulsions with 4 % silane, f=filtered 
resistance Blank
f
 VTES VTAS MPRS BTESPT BTSE 
control  277
f
 Not suitable Not suitable   
E10C12 1 %    162   
E10C12 2% 7   8   
Brij 58 1% 10, 190 47     
Brij S 100 1%      65 
Brij S 100 2% 13     21, 435 
Brij O20 2 % 9  3, 500*    
p14 1%  50, 280 170    
p14 2% 7 50, 400 30, 770 20, 390   
P84 1 %  60*     
p84 2% 6* 100*  90   
p19 1%   6
f 
   
p19 2% 3, 350   340   
L61 1%   5
f 
   
L61 2% 4000      
TTAB 1%  1.5, 23, 241 24* 113  25, 431* 
TTAB 2% 1, 37, 470 19* 45  51*  
CTAB 1%  1.6, 27, 230 30    
CTAB 2% 1, 32*  2, 22    
SHS 1%  Not suitable    Not suitable 
SHS 2%  Not suitable Not suitable 394  Not suitable 
SDS 1%  106 10, 39    
SDS 2% 1, 190* 67 10*  3, 27, 247  
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Figure 135: Size distributions measured for emulsions containing VTES/Ionic surfactants, 
CTAB (purple), SDS (red) TTAB (blue) at 1% (dashed) and 2% (solid) surfactant 
concentration. 
 
 
 
Figure 136: Size distributions measured for emulsions containing VTAS/Non-ionic 
surfactants, including Pluronic surfactants. Brij98 (purple), F108 (red), L35*(blue), and 
L61* (orange), at 1% (dashed) and 2% (solid) surfactant concentration (*indicates poor 
data fitting). 
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Figure 137: Size distributions measured for emulsions containing VTAS/Ionic surfactants, 
CTAB (purple), SDS (red) TTAB (blue) at 1% (dashed) and 2% (solid) surfactant 
concentration. 
 
 
Figure 138: Size distributions measured for emulsions containing MPTMS/Surfactants, L35 
(blue), F68 (purple), F108 (red), E10C12 (orange), SHS (green) and TTAB (grey) at 1% 
(dashed) and 2% ( solid)surfactant concentration. 
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Figure 139: Size distributions measured for emulsions containing BTESPT/surfactant, TTAB 
(blue), SDS (red), at 1% (dashed) and 2% (solid) surfactant concentration. 
 
 
Figure 140: Size distributions measured for emulsions containing BTSE/Surfactants, TTAB 
(blue), SHS* (Green), Brij S 100 (red), at 1% (dashed) and 2% (solid) surfactant 
concentration (*indicates poor data fitting). 
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8.2 Appendix B-Chapter 4 
8.2.1 Bode plots  
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8.2.2 Photographs 
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Figure 141: Photo images of the films prepared from GPS mixtures, showing the films before 
and after EIS analysis. 
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 Films prepared from VTES mixtures 
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Figure 142 : Photo images of the films prepared from VTES mixtures, showing the films 
before and after EIS analysis. 
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 Films prepared from MPTMS emulsions 
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Figure 143: Photo images of the films prepared from MPTMS emulsions, showing the films 
before and after EIS analysis.  
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8.3 Appendix C-Chapter 5 
8.3.1 Determination of pH  
The pH of a hydrolysing or partially hydrolysed silane emulsion is hard to 
determine using a glass pH electrode because the silanols react with the probe 
reducing the accuracy of the pH readings over time [44]. Buffers may be used to 
control the pH of these emulsions, however these tests were not conducted with a 
buffer emulsion for the following reasons:  
 
1) Inclusion of salts required to buffer emulsionsmay have affected the 
reactions during curing the film onto the zinc which would have 
changed the corrosion resistance. 
 
2) The buffering chemicals may interfere with the surfactant’s CMC 
and changed the emulsion droplet size distributions in the 
emulsions and give results that may not represent the influence of 
the surfactant alone.   
 
Since the pH was not controlled, it was important to measure the pH value of 
the emulsion, and test strips (Fisherbrand) and universal indicator (Chem-Supply) 
were tested for accuracy.  
 
  
Figure 144: The error when using indicator strips to measure pH of a silane emulsion.  A) 
universal indicator at pH 4 with the strip working, B) the BTESPT/TTAB 500 day old at pH3 
with the indicator strip not working, and C) The Fisherbrand indicator colour chart 
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A number of different silane emulsion pH values were determined with a 
(Sper scientific advanced pH/ORP Meter 850055) pH probe.  Regular checks were 
performed with a buffer to ensure the probe was still working during the testing 
period. The pH indicator strips gave false readings with the silane emulsions, giving 
readings between pH 6 and pH 8 even if the emulsion was very acidic (see Figure 
144). The universal indicator applied directly to the samples gave results close to the 
pH meter results. The pH values assigned to the different colours given by the 
universal indicator are shown in Figure 145.  
 
 pH 4 pH 5 pH 6 pH 7 pH 8 pH 9 pH 10 
buffer 
       
sample 
     
N/A N/A 
Figure 145: Colour comparison between the universal indicator and the silane emulsions 
between pH 4 and pH 10. 
 
8.3.1.1 Emulsion pH results for Chapter 5 
 
Table 46: PH values of emulsions tested, showing the change in pH of some emulsions, 
where initial pH is pHi and the pH after 24 hrs is pH24. The pH of the GPS emulsions with a 
lower surfactant concentration was the same as the 2 % surfactant emulsions. 
 water L35 F108 SDS TTAB 
Silane pHi pH24 pHi pH24 pHi pH24 pHi pH24 pHi pH24 
GPS 4 4 4 4 4 4 4 4 5 9 
VTES 7 6-7 6 6 5 5 5 4 7 7 
MPTMS 7 7 6 6 5 5 4-5 3-4 7 6-7 
BTESPT 7 7 6-7 6-7 5 6 4 3-4 6-7 5 
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8.3.2 Rate Constant Determination 
 
Figure 146: Fitted data for the determination of the first order hydrolysis rate constant for 
GPS/water. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
 
 
 
 
 
Figure 147: Fitted data for the determination of the first order hydrolysis rate constant for 
GPS/SDS. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
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Figure 148: Fitted data for the determination of the first order hydrolysis rate constant for 
GPS/L35. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
 
 
 
 
 
Figure 149: Fitted data for the determination of the first order hydrolysis rate constant for 
GPS/F108. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
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Figure 150: Fitted data for the determination of the first order hydrolysis rate constant for 
GPS/TTAB. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
 
 
 
 
 
Figure 151: Fitted data for the determination of the first order hydrolysis rate constant for 
MPTMS/water. The colours correspond to the three separate experiments conducted and 
there corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), 
Run 2 (red) and Run 3 (blue).  
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Figure 152: Fitted data for the determination of the first order hydrolysis rate constant for 
MPTMS/SDS. The colours correspond to the three separate experiments conducted and 
there corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), 
Run 2 (red) and Run 3 (blue).  
 
 
 
 
 
Figure 153: Fitted data for the determination of the first order hydrolysis rate constant for 
MPTMS/F108. The colours correspond to the three separate experiments conducted and 
there corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), 
Run 2 (red) and Run 3 (blue).  
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Figure 154: Fitted data for the determination of the first order hydrolysis rate constant for 
MPTMS/L35. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
 
 
 
 
 
Figure 155: Fitted data for the determination of the first order hydrolysis rate constant for 
MPTMS/TTAB. The colours correspond to the three separate experiments conducted and 
there corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), 
Run 2 (red) and Run 3 (blue).  
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Figure 156: Fitted data for the determination of the first order hydrolysis rate constant for 
VTES/water. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black) Run 2 
(red) and Run 3 (blue).  
 
 
 
 
 
Figure 157: Fitted data for the determination of the first order hydrolysis rate constant for 
VTES/SDS. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
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Figure 158: Fitted data for the determination of the first order hydrolysis rate constant for 
VTES/F108. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
 
 
 
 
 
Figure 159: Fitted data for the determination of the first order hydrolysis rate constant for 
VTES/L35. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
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Figure 160: Fitted data for the determination of the first order hydrolysis rate constant for 
VTES/TTAB. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
 
 
 
 
 
Figure 161: Fitted data for the determination of the first order hydrolysis rate constant for 
BTESPT/TTAB. The colours correspond to the three separate experiments conducted and 
there corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), 
Run 2 (red) and Run 3 (blue).  
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Figure 162: Fitted data for the determination of the first order hydrolysis rate constant for 
BTESPT/SDS. The colours correspond to the three separate experiments conducted and 
there corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), 
Run 2 (red) and Run 3 (blue).  
 
 
Figure 163: Fitted data for the determination of the first order hydrolysis rate constant for 
BTESPT/L35. The colours correspond to the three separate experiments conducted and there 
corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), Run 2 
(red) and Run 3 (blue).  
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Figure 164: Fitted data for the determination of the first order hydrolysis rate constant for 
BTESPT/F108. The colours correspond to the three separate experiments conducted and 
there corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), 
Run 2 (red) and Run 3 (blue).  
 
 
Figure 165: Fitted data for the determination of the first order hydrolysis rate constant for 
BTESPT/TTAB. The colours correspond to the three separate experiments conducted and 
there corresponding equations and fit are shown in the colour coded boxes. Run 1 (black), 
Run 2 (red) and Run 3 (blue).  
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